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Chapter 1 
Preface 
Abstract 
As introduction, experimental spectroscopic methods as well as spectroscopic information on 
the investigated molecules are discussed. With two lasers, the energy transfer in a molecule 
can be followed in time, yielding relaxation rates. Simultaneously interaction of a molecule 
with two lasers causes coherent effects which are observed and simulated by calculations of 
the population distribution. 
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1.1 Introduction 
This thesis deals with high resolution spectroscopy and energy transfer in the small organic 
molecules ethylene, C2H4, and methanol, CH3OH. The results are obtained by using a 
double resonance technique with two different lasers. Both lasers, a C0 2 waveguide laser 
and a Color Center Laser are operating in the infrared range so that the interaction of 
the laserlight with the molecules is restricted to rovibrational transitions in the electronic 
ground state. Absorption spectra contain information about the molecular interactions. The 
improvement in tunability of laser systems makes new transitions in molecules accessible and 
thus contributes to a better understanding. Even a relatively simple molecule like ethylene 
has such a complicated structure that high resolution spectroscopic studies are still needed. 
The results of these studies give specific information about the Coriolis coupling between 
vibrational states of molecules. 
The spectroscopy of high vibrational states is an almost unexplored area. With the 
experimentally used lasers, the upper level that is reached has an energy of about 4000-5000 
cm - 1 above the vibrational ground state. As a consequence of many vibrational combination 
bands, the energy level density in the vibrational ladder at 4000 cm - 1 is strongly increased 
as compared to the 1000 cm - 1 region of the CO2 waveguide laser alone. This causes a greater 
number of possible couplings between vibrational bands and possibly more perturbations in 
the rovibrational spectra. High resolution spectroscopic studies of the high vibrational band 
structure are a means to observe Intramolecular Vibrational energy Redistribution (IVR) 
resulting in line shifts and line splittings [1]. 
Two lasers, interacting with the same molecule but separated in space i.e. delayed in 
time, allow to investigate what happens with the absorbed energy of the first laser ("pump") 
before probing the molecule with the second laser ("probe"). This double resonance tech-
nique can be employed to study the energy transfer in collisions between molecules. The 
introduction of a time delay between pump and probe can be used to monitor the time 
evolution of the population in different states. A molecular jet offers such a time delay 
by changing the distance between the point of excitation and the point where the excited 
population is probed. 
Along with collisional relaxation rates, the relaxation process yields information con-
cerning propensities of population transfer to other states. This transferred population is 
not only found in the other rotational states of the initially excited vibrational mode (RR, 
Rotational-Rotational relaxation) but also in other vibrational states (VV, Vibrational-
Vibrational relaxation). From the preferential appearence of specific transitions, propensity 
rules are derived for the relaxation processes involved. 
If narrow band light sources like lasers interact with molecules, the coherent properties 
of the lasers may induce special effects. In an environment in which external sources of line 
broadening are reduced (as e.g. in molecular beam experiments), excitation by coherent light 
can lead to Rapid Adiabatic Passage (RAP) effects. One of the most striking examples is 
the 100% population transfer from the lowest (|1)) to the (initially empty) highest (|3)) 
level in a cascade three level system, Ei<E2<E3, without populating the nearly resonant 
intermediate (|2)) level. One of the main conditions to observe this effect is the so called 
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"counter-intuitive" setting of the laser foci; the usual pump-probe ordering has to be inverted 
to a probe-pump sequence of the laser foci [2]. This technique is well suited to evade fast 
(collisional) relaxation processes depleting the intermediate state and enables the study of 
highly vibrationally excited states. In the intermediate regime where collisional relaxation 
does affect the population transfer, interference of the coherent excitation process with the 
incoherent collisional process contains information on phase relaxation [3]. 
1.2 Spectroscopic methods 
Molecular spectroscopy can be performed in different environments, each with its own ad-
vantages and limitations. In an effort to get high resolution spectroscopic data, a main 
obstacle to overcome is the Doppler broadening of transitions as a result of random molecu-
lar velocities; each group of molecules with a certain velocity contributes to the final Doppler 
linewidth. Two groups of different techniques to obtain sub-Doppler linewidths can be dis-
tinguished: 
1. Techniques which produce molecules with a well-defined velocity. 
2. Techniques which are based on velocity selective excitation and probing of molecules 
in an ensemble of molecules with randomly distributed velocities. 
As compared to room temperature gas cell measurements, the Doppler broadened line-
width can be reduced by a factor of 200 in a well collimated molecular beam experiment. 
In the 10 /xm spectral range, linewidths below 1 MHz can fairly easily be achieved. 
In the second technique, the saturation technique, one narrow-band laser excites a spe-
cific velocity group of molecules. This results in a hole burned into the Doppler broadened 
line profile (fig. 1.1). A second laser beam, counterpropagating with respect to the first, 
probes this hole, coinciding with the line center if the first and second laser have the same 
frequency. The width of the dip can become extremely small, less than 10 kHz as reported 
by the Bordé group [4]. They used a low power C02 waveguide laser with a linewidth of 
100 Hz to measure absorption in a gas pressure of 2.5 χ IO - 6 Torr over an 80 m long path. 
Thus, collisional broadening is virtually absent and the limit in linewidth is determined 
mainly by the transit time broadening of molecules travelling through the laser beam. 
Our saturation experiment has been performed in a shorter cell (first in a 1.2 m, later in 
a 12 m long cell) at higher pressures and with a higher power of the lasers so the observed 
linewidths are significantly larger than in [4] but still much smaller than the Doppler width. 
With compensation of Doppler shifts, two-photon spectroscopy can be performed with 
two counterpropagating laser beams. The condition to observe this resonance is that twice 
the laser frequency coincide with the two-photon transition frequency. On resonance, 
ali molecules participate in the absorption independent of their velocities. However, the 
linewidth of this transition is sub-Doppler. 
In this thesis the two methods, molecular beam absorption spectroscopy and satura­
tion spectroscopy with two different lasers, are used to get complementary spectroscopic 
information from mainly two molecules, ethylene (C2H4) and methanol (CH3OH). 
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Figure 1.1 Excitation by a narrow-band Jaser results in the selective excitation of 
a spectfìc group of particles: u) The two energy level system and b) the veiocity 
distribution; the group of molecules that is in resonance with the transition |1) —» |2) 
has a velocity component vr„ parallel to the direction of the laser beam (z) with 
Vre» = (wo-Wojc/uQ. n, is the number of molecules in level i. 
1.2.1 Molecular beam spectroscopy 
Optothermal detection of a molecular beam by a bolometer has become a widespread method 
since the first experiments by Gough, Miller and Scoles [5]. A bolometer detects photon 
absorption by measuring the total energy of the molecules hitting its surface (fig. 1.2). 
The probe laser is mechanically chopped and the bolometer signal is phase-sensitively de-
tected with a lock-in amplifier. The resulting linewidth is limited by the residual Doppler 
broadening due to the divergence of the molecular beam and can be less than 1 MHz. 
The low rotational temperature in a molecular beam, as a result of the cooling in the 
initial expansion, causes the population to be distributed over only a few, low energy rota-
tional levels. On the one hand this simplifies the observed spectra, but on the other hand it 
limits the amount of information obtained; a final rotational temperature in the molecular 
beam of about 8 К allows only rotational levels with energy below about 30 c m - 1 (in the 
case of ethylene) to be seen [6]. 
Probe laser 
Figure 1.2 Experimental setup for a two-laser, molecular beam, experiment. The 
supersonic expansion of a gas is skimmed and detected further downstream on a 
bolometer element. 
The molecular beam technique in combination with a double resonance technique has 
been used by Dam et al. to study the v7 + i/9 «— 1/7 hot band of ethylene [7]. This experiment 
is here continued on a new molecular beam setup as will be described in detail in chapter 3. 
The utilization of a free jet enables the study of collisions between molecules. Earlier 
results of double resonance experiments on a free jet are reported by Veeken et al. [8], Dam 
et al. [9] and by the Tokyo group [10]. Recently, Perry et al. [1] reported a double resonance 
experiment on a molecular jet where instead of a C0 2 waveguide laser as pump laser, a 
second Color Center Laser is used. From a spectroscopic point of view the advantage is 
the continuous tunability of the CCL as compared to the line tunable C02 laser. The 
disadvantage is the much lower radiation intensity. However, the radiation intensity of the 
CCL that serves as pump source is enhanced by an external build-up cavity. A 60-fold 
enhancement of the laser intensity in the center of the cavity is reported [l]. 
1.2.2 Saturation Spectroscopy 
Saturation spectroscopy with two different lasers has not been used very often. One-photon 
experiments in absorption cells are limited in resolution by the Doppler width of the transi-
tions. Congestion of spectra at room temperature as a result of Doppler broadening and a 
population that is distributed over many low vibrational or torsional bands prevents (high) 
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resolution spectroscopy in a cell with one laser for bigger molecules. 
The knowledge of one-photon transitions can be used to assign transitions made by a 
second laser. It is possible to label the ground state, depleted by the first laser, or the excited 
state populated by the same first laser. We have used this double resonance technique to 
measure spectra of ethylene and methanol. With the two lasers counterpropagating with 
respect to each other (fig. 1.3), the observed linewidth of the second transition, measured 
in absorption, will be sub-Doppler if the first laser excites one specific group of molecules 
(possessing zero velocity along the laser propagation direction); the second laser probes 
either the depletion of ground state population or the excited state population of molecules. 
Laser 2 
Laser 1 V >· 
Figure 1.3 Expérimentai setup for observation of sub-Doppler resonances with two 
counterpropagating lasers. M = Mirror. The angle between the two lasers is exagger-
ated in this fígure and is in reality about 1". 
The spectroscopy is not limited to directly depleted and populated states but also levels 
which are connected to these states by collisions can be probed. The linewidth of this last 
group of transitions is Doppler broadened due to the (many) velocity changing collisions 
between excitation and probing. However, transferred spikes may occur on top as a result of 
relaxation processes between rotational levels with an energy gap less than the translational 
energy of the molecule, a process studied by the group of Schwendeman [11]. 
1.3 Molecules 
The double resonance technique has been applied to ethylene and methanol. The spec-
troscopy of both molecules as far as known and relevant for our experiments will be reviewed 
concisely below. 
1.3.1 Ethylene 
The interest in the ethylene molecule is not limited to chemists and physicists; e.g. plant 
physiologists look at C2H4 as a plant hormone, amongst other functions regulating the 
growth of a plant. C2H4 also causes the ripening of fruit and the wilting of flowers [12]. 
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The photoacoustic technique is applied as a sensitive method to detect the trace amounts 
of C2H4 (at ppt, parts par trillion, level) [13, 14]. 
The vibrational and rotational spectroscopy of C2H4 has been studied for many years. 
The positions and assignments of the twelve fundamental vibrational bands are known since 
the work of Arnett and Crawford in 1950 [15]; currently accepted positions and assignments, 
also for overtones, can be found in Knippers et al. [16]. 
The rovibrational spectra are not easy to assign. Ethylene has as an inversion center 
and therefore does not possess a microwave spectrum. The spectroscopic parameters of the 
vibrational ground state have to be determined from ground state combination differences 
from rovibrational spectra. 
The 1000 cm - 1 region of ethylene has been studied in detail by several research groups. 
In 1964, Smith and Mills [17] reported 0.2 cm - 1 resolution infrared spectra of the 1/7 
(949 cm - 1 ) and v-^ (826 cm - 1 ) fundamental bands. They analyzed the rotational structure 
in terms of Coriolis perturbations between these two fundamentals and between the і/щ and 
the vk (1026 cm - 1 ) fundamental vibrational bands. Since then, collaborations with Fayt 
resulted in thoroughly analyses of the i/10, v-r and i>4 [18, 19]. They also improved the 
molecular parameters of the vibrational ground state on the basis of more than 4000 ground 
state combination differences. 
The vg region around 3100 cm - 1 is partly known from a study by Pine [20], although a 
number of lines remains unassigned. Some of these lines belong to hot bands starting from 
the lowest vibrational band, the vw [21]. 
The first hot band spectra of ethylene were measured by Dam et al. [7]. They performed 
a double resonance experiment on jet-cooled molecules. The double resonance spectra con­
tained information on the v-i + 1/9 <— ts¡ hot band and the і/ю + v% *— i/w hot band. (They 
also measured some ^ + ^ * - ^ transitions in a molecular beam resulting in an absolute 
accuracy of 0.005 cm - 1 .) The experimental conditions in the molecular jet favoured the 
second group of transitions and especially the fast relaxation from i/7 to uw indicated that 
further investigation of the 1/7 + ^ <— vi hot band should preferably be carried out in an 
environment with no or few collisions, e.g. in a molecular beam. 
1.3.2 Methanol 
The spectroscopy of methanol is of great interest for astrophysics since methanol radiation 
is detected by radio telescopes as tracer for hot dense gasses in star formation regions from 
interstellar space, see e.g. [22]. 
The spectroscopy of CH3OH has mainly adressed the torsion-rotation spectrum in the 
microwave, millimeter and the far-infrared regions [23, 24, 25, 26]. Far-InfraRed (FIR) 
laser radiation in methanol is generated by pumping the i/g mode (CO-stretch) at 1033 
c m
- 1
 and therefore this vibration has been thoroughly studied to assign FIR transitions; 
for a recent review, including a list of several methanol- CO2 laser coincidences, see [27]. 
Moruzzi et al. investigated the i/g vibration and assigned more than 3400 lines in the region 
between 950 cm" 1 and 1100 cm - 1 with a resolution of 5 χ Ю - 4 cm - 1 [28]. The room 
temperature spectra of the high-frequency OH-stretch ivband at 3680 cm - 1 of methanol 
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have been reported in only a few studies. A first high resolution study of the OH-stretch 
was performed by Lee et al. in 1975 [29] with 0.025 cm - 1 resolution. They measured a 
large number of Ρ and R branch transitions, most of them relatively far from the band 
center. Recently, Carrick et ai. [30] used a Color Center Laser in combination with Doppler-
limited Stark-modulation and sub-Doppler pulsed supersonic slit jet techniques to observe 
a number of Q-branches. Kleiner et ai. [31] recorded the OH-stretch fundamental band 
with sub-Doppler resolution using a molecular beam optothermal spectrometer. In this low 
temperature experiment they were able to obtain a nearly complete assignment of rotational 
energy levels with J <7 and K<3 and with 5 χ Ю - 4 cm - 1 accuracy. 
The Giessen group of B.P. and M. Winnewisser [32] provided a Fourier transform spec­
trum of the OH-stretch of methanol at room temperature to help us in our methanol studies. 
The resolution of this spectrum is 0.0056 cm" 1 . I. Kleiner supplied us with a calculation of 
OH-stretch transitions involving ground state levels which can be depopulated by the C 0 2 
laser. This calculation is based on the extrapolation of the upper state parameters for low 
J,К values as obtained in [31] to transitions with a torsional level involved. 
1.4 Relaxation processes 
The spectroscopic knowledge of the ν
Ί
 + иg *— v-¡ and Í/Ю + νэ «— ^ю hot bands in ethylene 
has been used to distinguish several types of collisional relaxation processes [9] in a free 
molecular jet. With two spatially separated points of pump and probe, a time delay is 
introduced to observe the population redistribution. The time delay corresponding to a 
distance of 100 μτη between the two laser foci is typically of the order of 100 ns. This 
sets an upper limit to the rate of the observable relaxation processes of 100 ^sec Torr*) - 1 
for z/D = 10 in the case of ethylene 1. Here, ζ is the distance between the nozzle and the 
probed collision region on the symmetry axis of the jet and D the nozzle diameter. The local 
density amounts there about 0.1 Torr when the stagnation pressure is 400 Torr. Probing the 
collision regime nearer to the nozzle becomes difficult for z/D < 2 due to the fast relaxation 
processes that no longer can be resolved; for z/D > 10 we run out of signal due to the low 
density. 
The observed fast collisional relaxation rate for the depopulation of the directly excited 
rovibrational level of the vj mode has also been determined in a separate experiment [3]. 
This more accurate determination of the relaxation rates shows that the large values in [9] 
are still subject of discussion and have to be taken with caution. 
1.5 RAP processes 
The coherent excitation of molecules by lasers may result in Rapid Adiabatic Passage (RAP) 
effects if a number of conditions is satisfied. The RAP processes can be divided into two 
groups. The distinction is made between RAP processes where the frequency is swept 
l l Torr' = 3.27x10" molecules/m3. 
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through resonance and RAP processes using two pulses in counter-intuitive order with fixed 
frequencies. 
The population transfer in a two level system under RAP conditions is based on a sweep 
of the laser frequency through the transition resonance. For a sufficiently slow chirp, a 
complete population transfer can be produced. The main advantages of RAP are that it 
is relatively insensitive to the laser intensity, to a precise tuning of the laser frequency to 
resonance and to differences of transition moments for the magnetic sublevéis. 
The trick of a sweep through resonance is known from magnetic resonance techniques 
applied to spin systems. Loy applied this trick to laser spectroscopy of molecules. A voltage 
sweep on the Stark plates in combination with a fixed laser frequency resulted in a population 
inversion in NH3 [33]. Avrillier et al. [34] observed RAP processes in a molecular beam 
experiment where the chirp in frequency is obtained from molecules passing through curved 
wavefronts of a con- or diverging laser beam. The curvature yields a Doppler sweep of the 
laser frequency as seen by the molecules [35]. In a molecular beam experiment, Liedenbaum 
et al. demonstrated the RAP principle for a two level system in C2H4 [36]. Calculations 
on these RAP processes based on the density matrix formalism yielded several conditions 
to observe this type of RAP process [37]. Our attention was drawn to the peculiar time 
dependence of the RAP process when the power of ihe laser is changed [38]; for high 
power, a plateau-region is formed near to the center of the laser interaction where both 
levels possess equal population for an extended time interval. 
The preceding RAP process for a two-level system utilizes a (linear) frequency sweep. 
In the three level system the RAP processes are obtained by a counter-intuitive sequence 
of laser pulses which is a completely different adiabatic inversion scheme. In a cascade 
numbering of levels, E3 > E2 > E b the molecules interact first with the laser which couples 
levels 2 and 3 and then with the laser which couples levels 1 and 2 with a certain overlap 
in time. 
Oreg, Hioe and Eberly proposed the counter-intuitive sequence of delayed pulses [39]. 
The application of two lasers in a counter-intuitive sequence has been used for a number of 
experiments by the group of Bergmann (Kaiserslautern) [2, 40, 41, 42]. The experiments, 
with the acronym STIRAP for Stimulated Raman Adiabatic Passage, are performed with 
first a Stokes pulse coupling the unpopulated levels 2 and 3 and then a pump pulse coupling 
the initial level 1 with level 2, in а Λ configuration [2]. This procedure results in a transfer 
of population e.g. of sodium dimer molecules to a highly excited vibrational level [40]; in 
metastable Ne* atoms the same trick is applied to align the electronic angular momentum 
[41]. The calculations which describe the results, assumed laser pulses without phase fluc­
tuations. The study of the consequences of phase fluctuations and the detuning of the laser 
frequencies from the two-photon resonance on the transfer efficiency resulted in rules for the 
required characteristics of the laser pulses [42]. Coherent transients in a three level cascade 
system have also been studied and applied to obtain relaxation rates in the experiment of 
Dam et al. [3]. The lack of population of the intermediate level in a three level RAP process 
has been used to explain differences in absorption of the probe laser when the ordering of 
laser foci is changed from a normal pump-probe setting to a counter-intuitive sequence. 
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1.6 Outline 
Chapter 2 contains a detailed description of the used laser systems. The home-built CO2 
waveguide laser is described and some recent modifications are discussed. Especially the 
saturation stabilization of the waveguide laser will be dealt with. A Color Center Laser 
(CCL) is used to probe changes in molecular energy level population. The high resolution 
spectroscopic experiments result in linewidths of about 20 MHz and this necessitates a 
different approach in scanning the CCL as compared to spectroscopy of Doppler broadened 
lines. 
Chapter 3 deals with molecular spectroscopy on C2H4 and CH3OH. Since this is the 
first experiment with a new molecular beam setup, the apparatus will be described in detail. 
The results of a double resonance experiment on ethylene with two new CO2 laser - ethylene 
coincidences are given. With a multipass system, the results of a direct absorption spectrum 
of methanol in the 3700 cm -1 range are comparable to other molecular beam results by 
Kleiner et ai. [31]. With the CO2 waveguide laser, two unassigned methanol transitions are 
observed. 
Chapter 4 describes the second experimental method, saturation spectroscopy in a cell. 
The first results are obtained from a 1.2 m long sample cell and give additional double 
resonance transitions of ethylene. These transitions involve higher rotational energies in the 
vibrational ground state which are less favourably populated in a molecular beam. Together 
with the molecular beam results of ethylene, 27 rovibrational transitions of the 1/7 +1/9 «— i/7 
hot band are assigned. In cooperation with A. Fayt, Louvain-la-Neuve, the results are used 
to obtain improved spectroscopic constants for the 1/7 + 1/9 band of ethylene. 
Chapter 5 contains a discussion of a phenomenon observed earlier by Dam et al. [9]. Jet 
experiments on ethylene showed a relatively fast collisional relaxation process from the 1^7 to 
the fio vibration. With the improved knowledge of the Vj + Vg *— vi hot band, we have been 
able to identify 11 initially unassigned transitions from this jet experiment as 1/7 4- fg «— 1^7 
transitions. From this, propensity rules are derived for the collisional relaxation process. 
The fast VV' rates received new attention after similar experimental results in experiments 
of Ryabov on other molecules [43]. In chapter 5, the absolute values of the relaxation rates 
[9] are reconsidered. 
The final chapter 6 provides calculations of two RAP and Rabi phenomena. The first 
phenomenon deals with the two level RAP processes caused by a chirp of the laser frequency 
[36]. New calculations show that there is no limit where RAP changes into Rabi processes 
for increasing power. Besides, the existence of a plateau in the time dependence of the 
population under RAP conditions will be discussed. The second phenomenon concerns 
RAP processes in a three level L· two lasers system. RAP processes are known from theory 
and experiment with two lasers in a so called counter-intuitive setting. This results in a 
double peak structure in the absorption of the second laser when the relative position of the 
two lasers are changed [3]. New calculations include an additional chirp of the first laser 
frequency and the results will be discussed. 
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Chapter 2 
The laser systems 
Abstract 
Double resonance spectroscopy is performed with a CO2 waveguide laser and a Color Center 
Laser (CCL). Their main features are described including the saturation dip stabilization 
of the waveguide laser. The stabilized CO2 waveguide laser has a linewidth of less than 
1 MHz, the CCL linewidth is 4 MHz. The enlarged tunability of the CO2 waveguide laser 
by the introduction of a Acousto-Optic Modulator provided new coincidences with ethylene 
and methanol. 
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2.1 Introduction 
The combination of a C0 2 waveguide laser and a Color Center Laser (CCL) has a consid-
erable potential to obtain high resolution spectra of vibrationally highly excited molecules. 
Applying the double resonance technique, we have used the C0 2 waveguide laser as pump 
laser which achieves, due to resonant pumping, an efficient transfer of population to a single, 
excited rovibrational state. Line tunability of the CO2 waveguide laser forms a serious draw-
back with regard to the number of possible coincidences with rovibrational transitions in a 
molecule. By using an Acousto-Optic Modulator (AOM) the tunability has been enhanced 
to ± 300 MHz around each C0 2 laser line and can even be extented to ± 500 MHz by a 
second AOM. 
With this enlarged tunability, the number of possible coincidences has increased for 
ethylene, C2H4 and methanol, CH3OH. A list of coincidences of the CO2 waveguide laser 
with strong transitions of ethylene and methanol is provided in the Appendix. 
The CCL is used to probe the vibrational state excited by the CO2 laser. This infrared 
laser is continuously tunable over a large frequency range which is limited by the gain curve 
of the color center crystal used. For both C2H4 and CH3OH, the CCL frequency region 
covers the highest fundamental vibrational band, the 1/9 and v\ in ethylene and methanol, 
respectively. 
In sections 2.2 the main features of the CO2 waveguide laser in combination with an 
AOM are described as well as our method of stabilizing the laser on a molecular transition. 
Section 2.3 describes the CCL and the scanning methods used. 
2.2 T h e C 0 2 waveguide laser 
Our home-built C0 2 waveguide laser has a typical output power of 5 W on the strongest 
1 2C02 laser lines and a tunability of about 100 MHz to both sides of the laser line center. 
A PZT, mounted on the outcoupling mirror, is used to vary the cavity length to tune the 
wavelength continuously over the gain profile. The rigid invar frame in combination with 
a stiff construction of the grating holder and outcoupling mirror holder has improved the 
frequency stability. The free running linewidth is estimated to be 2 MHz (short term) 
whereas the long term drift is found to be 3 MHz per minute, decreasing to less than 1 MHz 
per minute after prolonged operation of the laser. 
An Acousto-Optic Modulator (IntraAction Corp.) shifts the CO2 laser frequency. The 
principle is based on reflection of the laser beam from moving Bragg planes produced by 
an acoustic running wave in a germanium crystal. In our experiment, the AOM shifts the 
frequency over 100 MHz and can be traversed in single and double pass, so that the effective 
tuning range is extended to ±300 MHz around each laser line. A second AOM could be 
added to extend this region with another 200 MHz on both sides. The efficiency of each 
pass is approximately 50%. Behind the AOM, the laser beam is split into two almost equal 
parts. One part serves to stabilize the laser on a molecular transition by a saturation dip 
technique; the other part is directed towards the experiment. For the time being, this 
experimentally restricts us to a single AOM considering the available CO2 laser power and 
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the need of about 0.5 W laser power for the frequency stabilization of the C0 2 waveguide 
laser on a molecular transition. 
2.2.1 The stabilization of the CO2 waveguide laser 
The frequency stabilization of the CO2 waveguide laser can be carried out in different ways. 
A technique that stabilizes the C02 laser on the top of the laser line locks the laser on the 
dip in the CO2 fluorescence signal of a Lamb dip cell [1]. This method is not useful in our 
experiment because a resonant pump laser is needed in the double resonance experiment. 
In earlier double resonance experiments of Dam [2], the C0 2 waveguide laser was stabilized 
on a (broad) photoacoustic absorption signal by an about 10 MHz frequency modulation 
of the laser output. The derivative of the photoacoustic signal was used to keep the laser 
on an ethylene transition. In our experiment, this stabilization system causes a spread of 
the signal over a frequency region larger than the linewidth observed without frequency 
modulation and is thus not suitable anymore. 
To stabilize the C0 2 waveguide laser on a molecular transition, one part of the laser 
beam is again split (90%/10%) into a strong pump beam and a weak probe beam (see 
fig. 2.1). These beams counterpropagate through either a 0.4 m or a 1.2 m long cell, filled 
with 60 mTorr of the gas under study. The C0 2 waveguide laser is frequency modulated 
by the application of an ac voltage to the piezo corresponding to a 1 MHz amplitude. The 
induced effect on the probe laser beam due to the saturation of the molecular transition by 
the pump beam is measured by a pyro-electric detector. If the pump beam is mechanically 
chopped, the saturation dip can be detected background-free utilizing a lock-in amplifier. 
This signal yields an extra check of the stabilization. The first derivative of the saturation 
dip signal is used in a feedback circuit to stabilize the C0 2 waveguide laser on top of the 
saturation dip. Preliminary experiments showed a drastic improvement in stability for high 
modulation frequencies. We choose a value of 2.1 kHz, just below the eigen frequency of 
the piezo. 
Figure 2.2 shows the saturation dip and its derivative for different pressures. The maxi-
mum saturation dip is observed at a gas pressure of 60 mTorr. The corresponding linewidth 
(FWHM) of the saturation dip is estimated to be 3 MHz. The resulting stability of the 
C0 2 waveguide laser if locked on the molecular transition has been estimated in a molecular 
beam experiment which will be described extensively in chapter 3. The interaction of the 
chopped C0 2 laser beam, stabilized on the 1/7(4,3,1) *— g.s.(3,2,l) transition of ethylene, 
with a seeded molecular beam of ethylene results in a bolometer signal with a S/N >100. 
With a typical C0 2 laser power of 1 W and a focus of 0.3 mm FWHM on the molecular 
beam, this transition is saturated. Therefore, the noise on the bolometer signal consists 
mainly of frequency noise with no significant amplitude noise. In combination with a negli-
gible beam noise and an estimated instrumental linewidth for the molecular beam setup oí 
2 MHz, the CO2 laser is stable within 1 MHz, on short term. 
As can be seen from figure 2.1, the saturation dip is detected with a small angle between 
the two laser beams. This causes a residual Doppler broadening in the observed saturation 
dip. The average thermal velocity of molecules in the gas at (room) temperature Τ and 
28 Chapter 2 
to experiment 
И 
CO .waveguide 
/z: Z\ υ 
P Z T ' 
AOM 
JXM 
Θ 
If 
Bs 
Pyro Π Salu 
Ä 
t ration cell 
7 / 4 i 
iref. chopper 
Lock-in 
amplifier 
Lock-in 
amplifier 
л 
\ \ 
pen 
2 recorder 
stabilization 
unit 
2.1kHz 
modulation 
generator 
•V, correction signal 
Figure 2.1 Frequency stabilization scheme for the CO2 waveguide laser on a mole-
culai transition. Bs = Beamsplitter, M = Mirror and С = Chopper. By frequency 
modulation, the derivative of the saturation dip signal is monitored. It is fed into a 
stabilization unit and the correction (error) signal, together with the modulation, is 
applied to the PZT of the waveguide laser. 
the angle θ between the two counterpropagating CO2 laser beams determine the residual 
Doppler broadening 6v¿ at the laser frequency υ 
с V ττη 
зіп 
(2.1) 
where m stands for the mass of the molecule. For the case of ethylene, an angle of I o and 
ν = 1000 c m - 1 , this Doppler broadening is less than 0.8 MHz which is within the CO2 laser 
linewidth. 
2.3 The Color Center Laser 
The Color Center Laser (Burleigh FCL·20) is an infrared, solid state laser. It is optically 
pumped by a combination of an Ar+-laser (Spectra Physics 2016-05B) and a continuous 
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Figure 2.2 Saturation dip as observed in the saturation ceil when the pump beam is 
chopped. The C02 laser (10R22.+100 MHz) is scanned over the u7(4,3,l) *- g.s.(3,2,l) 
transition of С2Я4 at 104 MHz from the CO2 line center. On top the CO2 iaser power, 
in the middle the derivative of the saturation dip as a result of a 1 MHz frequency 
modulation on the PZT of the laser and in the lower curve is the saturation dip signal 
displayed. The three saturation dips are recorded for different gas pressures in the cell. 
wave broad band dye laser (Spectra Physics 375B) operated on DCM. The efficiency of the 
DCM dye is about 25% and in combination with a typical Ar+-laser power of 4.5 W, an 
output power up to 1.2 W @ 650 nm can be produced to pump a RbCl:Li crystal in the 
CCL. The roll-over point of the CCL is at approximately 1 W pump power. Compared to 
the more commonly used Kr+-laser as pumping source, no differences have been found in 
CCL frequency and output power stability. The CCL wavelength can be tuned continuously 
from 2.65 to 3.35 μπι (3775 to 2985 c m - 1 ) with a linewidth of 4 MHz (free running). The 
single mode output power is about 12 mW at 3400 c m - 1 and 6 mW at 3150 c m - 1 . 
The blue side of this region can be extended to 2.45 μπι (4080 cm - 1 ) with a KCl:Li color 
center crystal. For this crystal, we observed an increase in output power of the CCL by a 
factor 2 by inserting a two-plate Lyot filter in the dye laser and changing the dye laser pump 
wavelength to about 620 nm. This confirms the pump laser threshold curve which has a 
minimum near 600 nm for the KCl:Li crystal [3]. The exact optimum dye laser wavelength 
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has not been determined. 
Frequency tuning of the CCL is achieved by three frequency selective elements; a grating 
selects a frequency region 15 GHz wide, an intra-cavity étalon suppresses the spatial hole 
burning mode to get single mode operation of the laser and a PZT, mounted on the folding 
mirror, determines the final frequency. The mode structure of the CCL is monitored by an 
external confocal étalon with a FSR of 8 GHz. We employed two different ways to scan the 
CCL. 
(1) Coarse scans by simultaneously tracking grating and étalon. The CCL frequency 
hops in steps of 300 MHz from cavity mode to cavity mode. The frequency range between 
the cavity modes is averaged by a fast (50 msec) ramp on the PZT of the folding mirror. 
This effectively increases the CCL linewidth to 300 MHz and implies a loss of sensitivity 
by a factor of 10 for experimental linewidths of about 15 MHz. The scanning range is only 
limited by the gain curve of the laser crystal; a first scan over a large (several wavenumbers) 
frequency interval is performed in this way at a tuning rate of 42 MHz/sec. 
(2) Continuous scans by simultaneously tracking the étalon and the piezo of the folding 
mirror. These scans are limited to 1.8 GHz; the extension of this frequency range consists 
of a concatenation of these scans. 
The double resonance spectra were recorded on a pen recorder and the line positions 
were determined with molecular fundamental transitions in the measured double resonance 
spectra, where available. If a fundamental transition was not present, the line position was 
determined from a simultaneously recorded absorption spectrum obtained in a 20 cm refer-
ence cell. Interpolation between absorption lines was achieved with a Fabry-Perot confocal 
étalon (FSR = 150 MHz). The relative uncertainty in the frequency of the observed spec-
trum is in general less than 5 MHz but the absolute value is determined by the uncertainty 
in frequency calibration (ca. 40 MHz). 
2.4 Conclus ion 
We have presented the features of the two lasers used in the double resonance experiments. 
The CO2 waveguide laser is saturation dip stabilized on a molecular transition of the gas 
under study. Considering the feasible S/N of the molecular beam experiment with the CO2 
waveguide laser and the CCL stability of 4 MHz linewidth, we conclude that the frequency 
stability of the saturation dip stabilized CO2 waveguide laser is sufficient for the ultimate 
double resonance exDeriments. 
The laser systems 31 
Appendix 
Table 2.1 nCOi laser coincidences in the v-t fundamental band 0/C2H4 [4]. 
The list of ethylene coincidences is derived from a larger list of coincidences 
provided by A. Fayt, Louvadn-La-Neuve, Belgium. The list below contains 
coincidences with the nCOi laser lines with a maximum detuning of ±500 MHz 
and of strong intensity. The adjective "strong" refers to (1) the intensities as 
measured in a 220 ° С spectrum and (2) the situation where the CO2 waveguide 
laser is stabilized on a saturation dip. 
nr 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
1 
* 
* 
* 
* 
* 
* 
* 
CO2 laser line 
9P34 
9P60 
10R54 
10R52 
10R52 
10R44 
10R40 
10R38 
10R28 
10R22 
10R02 
10P02 
10P10 
10P14 
10P14 
10P26 
10P28 
10P44 
10P46 
Offset 
[MHz] 
+300 
+182 
-278 
+436 
-273 
-258 
-163 
-304 
-228 
+104 
-404 
+471 
-98 
+295 
-474 
+ 113 
+418 
+63 
+ 110 
f 7 
(УКК) 
(9,8,1) 
(20,7,14) 
(17,2,15) 
(8,4,5) 
(8,4,4) 
(12,3,9) 
(12,5,7) 
(9,3,7) 
(6,3,4) 
(4,3,1) 
(5,1,4) 
(6,2,5) 
(5,0,5) 
(28,1,27) 
(21,1,21) 
(6,1,5) 
(2,1,2) 
(9,0,9) 
(5,2,3) 
g.s. 
(J",K;X) 
(8,7,1) 
(20,6,14) 
(16,1,15) 
(7,3,5) 
(7,3,4) 
(11,2,9) 
(12,4,9) 
(8,2,7) 
(5,2,4) 
(3,2,1) 
(4,0,4) 
(6,1,5) 
(4,1,3) 
(28,2,27) 
(21,0,21) 
(6,2,5) 
(2,2,0) 
(10,1,9) 
(6,3,3) 
1: Marked transitions are used in double resonance spectroscopy of vj + vg *— ι/γ band. 
32 Chapter 2 
Table 2.2 l2COi laser coincidences in the ug fundamenta] band ofCH3OH 
[5, 6]. The list of methanol coincidences is obtained from a review of Far in-
frared Laser lines in methanol by Moruzzi et al. [5] in combination with an 
absorption spectrum of methanol in the 10 /un region provided by G. Moruzzi, 
Pisa, Italy [6]. The selection of only the strongest absorption lines is again 
based on the possibility to stabilize the CO2 laser on the molecular transition. 
The CO2 laser has been stabilized experimentally on the marked (*) transi-
tions. Experimentally, we only investigated the 9P band within 60 MHz from 
the line center. 
nr 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 * 
13 
14 
15 
16 * 
17 
18 * 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
CO2 laser line 
9R10 
9R08 
9R06 
9R04 
9R04 
9R02 
9R02 
9P06 
9P08 
9P12 
9P16 
9P16 
9P18 
9P34 
9P34 
9P34 
9P34 
9P36 
9P36 
9P36 
9P40 
9P42 
10R42 
10R38 
10R34 
IORIO 
IORIO 
IORIO 
IORIO 
10R04 
Offset 
[MHz] 
-145 
+230 
-220 
+130 
+157 
+6.5 
-63 
+73.2 
-150 
+85 
+64 
-56 
+ 163 
+268 
+125 
+24 
-87 
+24 
-80 
-89 
+228 
+198 
-125 
+27 
-30 
+ 155 
+105 
-55 
+23 
-66 
transition 
AJ(n,K,J)Sym. 
R(0,3+,27)A 
R(0,-1,26)E 
R(0,2-,25)A 
R(1,1+,24)A 
R(0,3,23)E 
R(1,-4,23)E 
R(1,3+,24)A 
R(2,7,14)A 
R(2,0,14)A 
R(0,5,13)A 
R(0,0,10)A 
R(1,0,16)A 
R(0,4,9)E 
Q(0,-8,11)E 
Q(0,6,6)A 
Q(1,5,9)A 
Q(1,1-,2)A 
Q(0,8,16)E 
Q(0,10,18)A 
Q(0,-10,17)E 
Q(1,4,4)A 
P(0,+4,5)E 
P(0,4-,25)A 
P(0,4+,26)A 
P(1,-3,27)E 
P(1,-7,34)E 
P(0,5,34)E 
P(1,4,34)E 
P(1,2-,34)A 
P(0,1-,36)A 
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Chapter 3 
Molecular beam double resonance spectroscopy 
Abstract 
A molecular beam setup has been used to observe transitions of the νη + v$ *— 1/7 hot band 
of ethylene. A C 0 2 waveguide laser pumps f7 «—g.s. transitions and a Color Center Laser 
probes these intermediate vj rovibrational levels. Two new coincidences of ethylene with 
the CO2 laser have been used resulting in a total of 9 hot band transitions. The bolometer 
S/N ratio has been improved by the introduction of a multipass system. A preliminary 
double resonance exDeriment on methanol is discussed. 
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3.1 Introduction 
The double resonance technique [1] is a powerful method to obtain information concerning 
combination bands. This technique utilizes two lasers, a pump laser with a relatively high 
power to transfer a measurable population into an intermediate state and a probe laser to 
probe this population or to probe the depletion in the lower state (fig.3.1a). Besides the more 
Figure 3.1 Double resonance technique, a) The pump laser (solid arrow) excites 
one rovibrationai level; the probe laser (open arrow) probes the population of the 
intermediate or of the depleted level. Note the difference in phase between signals of 
probing an excited level or a depleted level when the pump laser is chopped (Ъ)). In 
с) а Л configuration is drawn. 
common ladder configuration, this technique can also be applied to a lambda configuration 
(fig 3.1b); it opens a way to analyze an inactive fundamental vibrational mode. 
In this chapter we will mainly discuss the v-j + v§ <— ι/η combination band of ethylene, 
C2H4 (fig.3.2). Ethylene is a suitable molecule for double resonance experiments with a 
CO2 waveguide laser and a Color Center Laser (CCL). Its vy fundamental band lies in 
the frequency region of the CO2 laser and this results in a number of coincidences [2]. 
Within an effective tuning range of ±250 MHz around each 12СОг laser line, there are 35 
C2H4 coincidences. If the tunability is extended to ±500 MHz this number increases to 
75. A list of the 19 strongest transitions can be found in the appendix of chapter 2. The 
CCL frequency tuning range covers the strong v$ absorption band at 3100 cm - 1 . Absolute 
frequencies of this fundamental band are known within about 6 χ 10~4 cm - 1 [3] and serve 
as calibration of the double resonance spectrum. 
C2H4 is a nearly symmetric (к = —0.9143) prolate top and the rotational levels are 
described by the quantum numbers (J,K„,KC) where the values of K0 satisfy the condition 
0 < K
a
 < J with K
e
 = J-K„ or K
e
 = J-K
a
+1 (but 0 < K
e
 < J). Two pairs of equivalent H-
atoms lead to four different spin symmetry species, labelled Α,Βι,Β2 and B3. The statistical 
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Figure 3.2 Part of the vibrational energy scheme of ethylene. The pump iaser (solid 
arrow) transfers population from a rotationai level in the vibrationai ground state to 
a rotationai state in the i/j. The probe laser (open arrow) can be tuned over the i/g 
vibrationai band and its hot bands, in this molecular beam experiment only the 1/7 + 1/9. 
weight of the Α-species is 7, for the other species 3 [4]. Each rotational level within a 
vibrational band belongs to one specific (spin) symmetry species (table 3.1). 
Table 3.1 Symmetry species of Ç2H4 according to their rovibrational level 
[4]. 
κ
α 
even 
even 
odd 
odd 
K
e 
even 
odd 
even 
odd 
g.s. 
A 
B 3 
в, 
в2 
Vi 
Bi 
B2 
А 
Вз 
1Л, 
в2 
в, 
Вз 
А 
^7+9 
Вз 
А 
в2 
в, 
Since the double resonance experiment on ethylene has been performed on a new mole­
cular beam machine, we will describe the setup in detail in the next section. The single pass 
linewidth is instrumentally limited by the residual Doppler broadening as a result of the 
angular divergence of the molecular beam and the flow velocity. An absorption experiment 
is carried out to determine this broadening and is described in section 3.3. To increase the 
sensitivity of the interaction of the CCL with the molecular beam, a multipass system has 
been used which is described in section 3.4. The double resonance experiment on ethylene 
and its results are discussed in sections 3.5 and 3.6; an extended discussion of the double 
resonance spectroscopic results is postponed to chapter 4. The last section of this chapter 
describes a preliminary molecular beam double resonance experiment on methanol. 
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3.2 T h e molecular b e a m machine 
The molecular beam machine consists of three differentially pumped chambers (fig. 3.3). 
nozzle 
skimmer 
source chamber laser 
chamber 
bolometer 
delector chamber 
Figure 3.3 The molecular beam machine. The bolometer element is attached to 
a liquid He bath (LHe) which is shielded by a liquid N2 bath (LN2). The double 
resonance experiment is performed in the laser chamber in which the CCL beam is 
perpendicular to both CO? laser beam and molecular beam. 
1. The source chamber is pumped by a water baffled 6000 1/s oil diffusion pump backed 
by a mechanical booster pump (500 m3/h) and a rotary pump (16 m3/h). 
2. The laser chamber, where the interaction of the lasers with the molecular beam takes 
place, is pumped by a water baffled 3100 1/s oil diffusion pump, backed by the same 
booster pump and rotary pump. 
3. The detector chamber, where the bolometer element is placed, is pumped by a water 
baffled 400 1/s oil diffusion pump, backed by a small rotary pump (4m3/h). The liquid 
He-filled bolometer dewar also acts as a cryopump. 
Background pressures are 4 x l 0 - 6 Torr and 8 x l 0 - 7 Torr in the source and buffer cham­
bers, respectively. The background pressure in the detector chamber is 7 x l 0 - 7 Torr. (AU 
background pressures under experimental conditions of 1 bar expansion of gas mixture.) 
The molecular beam is formed by expanding 1 bar of a 5% С 2Н 4 in helium mixture 
through a 50 μπι diameter circular nozzle at Τ = 295 К and skimming after 10 mm by a 
0 = 1.1 mm conical skimmer. A bolometer (Infrared Lab. Inc.) detects the beam 0.37 m 
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downstream. The interaction region with the two lasers is at a distance of 0.16 m from the 
nozzle. 
The bolometer acts as an energy detector that behaves as a temperature dependent 
resistor; it is operated at 1.7 Kelvin by pumping the liquid helium filled dewar to which 
the bolometer is connected. The bolometer element consists of a silicon cube thermally 
bounded to a blackened 2 mm χ 5 mm diamond absorber to increase the effective detector 
area; it has a N.E.P. of 5.6 x lO - 1 4 Watt/\/Hz. The divergence angles of the molecular 
beam as detected on the bolometer element are 0.31e and 0.77° for the short and long side, 
respectively, of the bolometer element. 
A special feature of the molecular beam machine is the possibility to move the nozzle 
along the molecular beam axis. Simultaneously, the skimmer, mounted on a bellows in the 
partition wall between source chamber and laser chamber, can be translated to maintain 
a constant distance between nozzle and skimmer. This adjustment provides an excitation 
possibility between nozzle and skimmer at different distances from the nozzle by moving 
the nozzle without simultaneously changing the expansion conditions. The experiments as 
described in this chapter are performed, however, in the laser chamber with a fixed nozzle 
to skimmer distance of 10 mm. 
In the laser chamber, the molecules first interact with the CO2 laser beam which is 
focussed on the molecular beam to a 0.3 mm (FWHM) spot. Further downstream, the 
molecules interact with the CCL beam. Since the bolometer signal is proportional to the 
photon energy absorbed by the molecular beam, three main features govern the signal 
strength. 
1). The transition strength. In the case of ethylene, the transition dipole moments 
amount to 0.16 D and 0.054 D for the v^ and t/9 vibrational bands, respectively [5, 6]. 
2). The photon energy. A C 0 2 laser photon (1000 cm - 1 ) is about three times less 
energetic as a CCL photon (3100 cm - 1 ) . 
3). Laser power. Saturation of the CO2 laser transition occurs at about 100 mWatt 
which is a factor 20 larger than the available CCL power (about 5 mWatt). 
The combination of the three elements shows that the bolometer signal of the CCL 
interaction will be smaller (factor 20) than the bolometer signal of the C 0 2 laser interaction. 
3.3 Linewidths of double resonance transitions 
The linewidth of a molecular transition as measured in the molecular beam can be attributed 
to a combination of molecular beam linewidth and laser linewidth. Power broadening can 
be diminished by low laser intensity. 
The instrumental minimum linewidth of the bolometer signal is mainly determined by 
the residual Doppler broadening as a result of the angular divergence of the molecular 
beam. This broadening can not be determined without knowledge of the flow velocity of 
the molecules in the molecular beam. Therefore, we performed an absorption experiment 
to measure the flow velocity and derive the instrumental linewidth for the double resonance 
experiment. 
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3.3.1 The flow velocity experiment 
The flow velocity and collimation of the molecular beam are the two parameters that deter­
mine the residual Doppler broadening. This residual Doppler broadening is calculated from 
the maximum Doppler shift, 
Δι/ = 2 4>
vll 
= 2— vsina "o 
ν sin 2a (3.1) 
where v0 the transition frequency, ν the flow velocity, ц the flow velocity component par­
allel to the laser beam and 2a the angular divergence. The dimensions of the bolometer 
(2 mmx 5 mm) and the distance between nozzle and bolometer (0.37 m) result in an angular 
divergence along the 5 mm side of the bolometer equal to 0.77 °. 
In figure 3.4, the experimental setup to measure the flow velocity is shown. After a first, 
perpendicular crossing of the CCL with the molecular beam, the laser beam is reflected and 
crosses the molecular beam at a second point under an adjustable angle β (fig. 3.4a). The 
Figure 3.4 a) Experimenta/ setup to determine the now velocity. M is an ad­
justable mirror, b) Тле frequency difference Su between the bolometer signal of the 
first orthogonal crossing and the second, Doppler shifted, crossing as a function of the 
sinß. The error bars correspond to the standard deviation obtained from at ¡east three 
continuous CCL scans per experimental point. 
CCL is scanned continuously over a transition, resulting in two peaks, one Doppler shifted 
and one not. The difference in frequency 8v between the first (orthogonal) signal and the 
second (Doppler-shifted) signal is measured. The velocity ν is obtained from equation 3.1 
with α replaced by the angle β. 
The determination of the flow velocity has been performed on a molecular beam of 1 
bar of 10% C 0 2 in He as expanded through a 50 д т diameter nozzle at Τ = 295 К. The 
angle β has been varied between -5.0 " and +5.0 °, within the possibilities of the laser 
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chamber. The angle has been varied in both directions with respect to the first laser beam 
to compensate for an eventually non-orthogonal first crossing. Figure 3.4b shows the results 
with the solid line as a linear fit to our datapoints. The flow velocity ν has been derived by 
a fit of the data points, ν = 1110(70) m/s. 
The experimental result can be compared with the theoretical value for the final flow 
velocity, 
·— - £?^r (3'2) 
where μ = 8 a.m.u., the average mass in the mixture. As CO2 does not contribute appre­
ciable to the effective heat capacity, we use for 7 the value of helium, 7 = | . This yields 
vtAeor = 1240 m/s. The calculation of the theoretical value assumes an ideal expansion in 
which the energy released by rotational cooling transfers into the translational energy of 
the molecule. If this process is not complete, the final velocity will be smaller and this may 
explain the difference between the theoretical and experimental value of the velocity. 
The combination of divergence and flow velocity results in residual Doppler linewidths 
of 2 MHz and 3 MHz for transitions induced by the C 0 2 laser and the CCL, respectively. 
The calculations assumed, as in the experiment, the CO2 waveguide laser intersects the 
molecular beam along the long side of the bolometer element whereas the CCL intersects 
perpendicular to the molecular beam and CO2 waveguide laser i.e. along the short side of 
the bolometer. 
With the knowledge of the instrumental linewidths, we can determine the linewidth of 
the CO2 waveguide laser and the CCL. The composite linewidth of the CO2 laser linewidth 
and the instrumental linewidth is estimated to be 2 MHz. The observed linewidth of 5 MHz 
for the CCL interaction with the molecular beam yields a linewidth of 4 MHz for the CCL. 
3.4 The multipass system 
In chapter 2 the scanning procedure of the CCL is explained. Fast, several wavenumbers 
large scans are performed in 300 MHz steps with an effective CCL bandwidth of 300 MHz. 
This causes a loss of sensitivity for transitions with linewidth less than 300 MHz. The 
sensitivity can be enhanced by an increase of absorption path length through multiple 
passes of the laser ray with the molecular beam. A suitable multipass system has to meet 
the following requirements: 
1. The waist of the ray pattern in the center of a multipass system should be within 
the solid angle of the molecular beam as seen by the bolometer to give an efficient 
coupling to the molecular beam. 
2. All rays should run perpendicular to the molecular beam axis. Non-orthogonal cross­
ings will result in a Doppler broadening or even a splitting of the absorption line. 
A concentric multiple (L « 2R) pass system meets these conditions; the theory of such 
a system and its application to a molecular beam experiment (fig. 3.5a) are extensively 
described by Kaur et al. [7], based on an earlier report of Trutna and Byer [8]. 
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Figure 3.5 
used. 
Multipass ray pattern, in a) the Kaur [7] set-up and in b) the setup as 
R.E. Miller suggested to us a different coupling of the laser into the multipass system 
with respect to the Kaur experiment [9]. Whereas Kaur couples the laser ray into the 
system from the edge of the first mirror to slightly below the common center of curvature 
(fig. 3.5a), we follow Miller and couple the laser beam into the system through a hole in 
the middle of the first mirror (fig. 3.5b). 
The multipass system consists of two spherical mirrors with radius of curvature R = 50 
mm at a distance L from each other, centered around the molecular beam axis. The incident 
laser ray is focussed midway between the two mirrors with a plano-convex f = 10 cm lens, 
placed in front of the 0 = 3 mm hole. For distances L > 2R, the laser beam diverges and 
leaves the system without control, whereas for L < 2R the patterns on both mirrors have 
a turning point as drawn in fig.3.5. Trutna and Byer [8] derived formulae which describe 
displacement and slope of the beam with respect to the optical axis as commonly used in 
paraxial ray analysis. 
The fractional deviation e of the distance L between the two mirrors from the concentric 
value (L = 2R) is defined as 
ε = 1 - 2R 
(3.3) 
A practical value of e will be of order 2 χ Ю - 3 . With ал alignment of the laser rays 
perpendicular to the molecular beam axis, the ray displacement and slope can be expressed 
in χ coordinates. The ray displacement x
n
 from the optical axis on the nth round trip is 
described by (assume ε <.l) 
L in 
x„ = io cos no + - J = ( I 0 - — ) sin nö V4e R 
with xo, x¿ the initial ray displacement and slope, and 
θ = arccos(2(2e - l ) 2 - 1). 
(3.4) 
(3.5) 
The initial coupling of the laser ray into the multipass system can be achieved in three 
different ways, 1) an initial displacement of the laser beam along the optical axis, 2) an 
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initial slope of the laser ray and 3) a tilt of the second mirror. Actually, cases 1 and 2 
are equivalent. This can be seen by imaging a fictitious tilt of the complete multipass 
irrangement around its center over an angle corresponding to the initial slope of the laser 
ray in case 2. The result is that the initial slope with respect to the optical axis is changed 
into an initial displacement which is equal to case 1. 
From equation 3.3 we obtain a maximum number of round trips equal to 20. This 
maximum is defined as the value where the ray leaves the system through the entrance hole. 
An initial displacement of x0 = 0.9 mm results in the maximum number of passes equal to 
40. A larger value would lead to a turning point outside the mirror radius of 25 mm; lower 
values of the initial displacement result in only partial use of the mirror surface or may even 
cause the ray to leave the system through the hole in the mirror after the first round trip. 
This last point is also a limit in the usefulness of case 3 to optimize the multi ray pattern. 
The maximum number of passes in this case is found theoretically to be equal to 16 for a 
tilt of mirror 2 over 2 χ 10~3 degrees. This lower number of passes can be considered as 
due to the tilt acting as a disturbance of the concentric alignment of the two mirrors. We 
therefore experimentally used case 1 to optimize the multipass system. 
In the center of the multipass system, the rays form two points of intersections at a 
distance of 2x0. This also limits the value of xo as all rays should cross the molecular beam 
as seen by the bolometer. The effective cross section of the molecular beam at the point of 
interaction with the CCL is 0.9 χ 2.2 mm. With the CCL aligned along the short axis of 
the bolometer element, the initial displacement has to be less than 1.1 mm. 
The two spherical mirrors of the multipass system provide focussing of the laser rays in 
the middle of the system. The waist w0 of an individual ray is given by [8] 
(LA)* ι 
For λ = 3 μπι and ε = 2 χ Ю - 3 , this yields a waist of 65 /im at the center of the system. 
The contribution of the multipass system to the observed linewidth comes from three 
sources, 1) transit time broadening, 2) Doppler broadening resulting from non-orthogonal 
crossings and 3) Doppler broadening due to di- and converging laser rays in the center of 
the multipass system. 
An expression describing transit time broadening Ai/t for a Gaussian pulse shape is 
derived by Kaur et al. [7], 
Δι/, = 0.94v(LÀ)-ie-« (3.7) 
with ν the flow velocity of the molecular beam. For a flow velocity of 1100 m/s, this results 
in a transit time broadening of 6 MHz. 
The optimum alignment of the rays perpendicular to the molecular beam axis yields 
a single line of spots on the mirrors so there will be no Doppler broadening from non-
orthogonal crossings. The Doppler broadening due to the divergence of the rays in the 
center of the system can be calculated with the knowledge of the spot size on the mirrors. 
The spot size w on the mirrors remains constant if it fulfills [7] 
(3.6) 
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(LA)a _i 
which would cause a Doppler broadening of 
l/V 
Δι/j = — s i n o (3.9) 
с 
with и the laser frequency and θ the divergence angle at the edge of the intersection of the 
molecular beam as detected by the bolometer. The waist at *y mm from the center of the 
beam, denned by the solid angle of the molecular beam, is calculated with 
w
2(*) = w g ( l + ( ^ ) 2 ) (3.10) 
and yields w(z=0.45mm) = 65.4 /im. From this, divergence angle θ can be derived leading 
to a Doppler broadening of 0.5 MHz for λ = 3.2 μπ\. This contribution can therefore be ne­
glected in the calculation of the overall linewidth. In conclusion, the linewidth theoretically 
amounts to 6 MHz for an optimum orthogonal alignment. 
The experimentally observed linewidth of 18±3 MHz is a factor of three larger. This 
larger linewidth is a result of non-orthogonal ray crossings with the molecular beam despite 
the near-optimum alignment. Experimentally, we found the smallest linewidth to occur 
near an alignment which caused some laser light to be reflected back into the CCL cavity, 
causing severe laser frequency instability. Non-orthogonal crossings from rays result in an 
elliptic pattern of spots on both mirrors. For mirror spots e.g. deviating by 1.5 mm from the 
optimum line, the Doppler shift already amounts 7 MHz. This value has to be doubled as the 
rays go for- and backward. We made a computer simulation of the experimental linewidth 
and the signal obtained with the multipass system, assuming a reflectivity R = 90% for 
each mirror to calculate the number of passes. The best fit was found for 30 passes and 
a maximum deviation of the spots from the vertical line on the mirrors of 1.3 mm. The 
total linewidth, including the contribution of non-orthogonal crossings, amounts to 16 MHz 
which is comparable to the observed value. 
We experimentally found that the introduction of the multipass system as described 
above results in a broadening of the signal by a factor of 4 and a signal enhancement oi 
a factor of 5. The multipass system simplifies the detection of double resonance signals in 
a coarse scan of the CCL as the effective bandwidth of 300 MHz profits by the improved 
signal as well as by the larger linewidth. With this multipass system it is possible to locate 
the strongest double resonance transitions in a first, coarse, scan. 
3.5 Double resonance experiment on ethylene 
The double resonance technique as described in combination with bolometric detection 
possesses one disadvantage: The chopped pump laser already causes a bolometer signal since 
the pump laser excites resonantly the first molecular transition. This signal is approximately 
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20 times stronger than the induced absorption signal of the probe laser. Double resonance 
spectroscopy performed by frequency tuning the probe laser causes signals submerged (in the 
noise) of the signal produced by the strong pump laser absorption. Therefore, not the pump 
laser but the probe laser is chopped to get a background free signal even though this implies 
the loss of phase information on the origin of the signal whether excited or ground state 
levels are probed; see figure 3.1. By simultaneously tracking the direct absorption spectrum 
of C2H4 from a small reference cell is it possible to distinguish between population and 
depletion signals; if a bolometer signal appears in combination with an absorption signal 
from the reference cell, a ground state level is probed, otherwise the excited state is probed. 
The double resonance measurements are performed with the setup of figure 3.6. 
CO, waveguide *AOM -V- lo stabilization 
nozzle 
skimmer bolometer 
absorption cell 
-)PbS 
chopper, ;'-*-1 3 )PbS étalon ISO MHz 
<. g—3 )PbS 
Ar +dye CCL spectrum analyzer 
Figure 3.6 The experimental setup for the double resonance experiment. Pump 
and probe laser are the CO? waveguide laser and the CCL. The stabilization of the 
CO2 laser on the molecular transition is explained in chapter 2. 
Typical molecular beam conditions are characterized by an expansion of 1 bar of 5% of 
C2H4 in helium through a. φ = 50 μτη nozzle at Τ = 295 К. These conditions yield less than 
1% of ethylene dimers in the molecular beam [10]. The C 0 2 waveguide laser is on resonance 
with a v-, «— g.s. transition in ethylene (see table 2.1 of chapter 2). For this, the C 0 2 laser 
is stabilized to the center of the saturation dip signal as obtained from a saturation dip 
stabilization system (see chapter 2). The CCL probes the excited rovibrational щ level. 
Since collisional relaxation is absent in a molecular beam, only the directly excited level is 
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probed. The high resolution spectroscopy of the i/7 + v9 <— uj band has been carried out in 
two steps: 
1. A first, coarse scan of the CCL determines the line positions with an accuracy of 300 
MHz. With a tuning rate of 42 MHz/sec, the strongest double resonance lines are 
directly observed with a S/N ratio of about 5. 
2. A continuous scan of the CCL determines the exact line position with the help of a 
simultaneously recorded absorption spectrum of ethylene and fringes of a 150 MHz 
FSR étalon. The S/N for the stronger lines is about 50. 
3.6 Double resonance results 
Earlier work of Dam et al. [11] resulted in an assignment of only 6 transitions belonging to 
the i>y +v<¡ «— v-j combination band. We introduce two new CO2 laser transitions tabulated 
in table 3.2 to excite the C2H4 molecules from the ground state to the v7 [12], resulting in 
9 additional hot band transitions. 
Table 3.2 Experimentally used C02 laser coincidences with С2Я4. The 
offset is denoted as the difference in frequency between the ethylene transition 
frequency and the CO2 laser line frequency. 
nr 
1 
2 
CO2 laser line 
10R22 
10R28 
Offset 
[MHz] 
+ 104 
-228 
(JMM) 
(4,3,1) 
(6,3,4) 
g.s. 
(J,K0,Ke) 
(3,2,1) 
(5,2,4) 
One of the 9 recorded double resonance lines is shown in fig. 3.7. 
Line positions of the fundamental transitions are known from Pine [3]. Our observed 
linewidth of the molecular beam experiment is 18 MHz (FWHM), which is about three times 
larger than the linewidth of the transition without using the multipass system mainly due 
to non-orthogonal crossings of the CCL beam on the molecular beam. Further alignment 
to decrease the linewidth resulted in reflections back into the CCL cavity causing severe 
frequency instability. This could have been resolved in principle by using a \X plate which 
changes the initially horizontally polarized laser beam into a circular polarized beam after 
a first pass whereas the reflected light will be vertically polarized behind the £λ plate. This 
vertically polarized light will not perturb the laser anymore. 
The selection rules for the 1^  + иg <— щ combination band are 
Δ J = 0,±1 
AKA = ±1 
AKC = ± 1 , ± 3 
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Figure 3.7 a) The lower trace is a fragment of the absorption spectrum of C2H4 as 
measured in a. coarse scan, obtained from a 20 cm long сей with a pressure of about 
2 Torr С2Я4. The upper curve is the corresponding bolometer spectrum. The most 
outside lines belong to the fundamental transitions. The middle line is the double 
resonance line vj+g(5,4,2) *— i^(4,3,l). b) High resolution scan over the region near 
the hot band transition. The lower traces are the absorption spectrum and the étalon 
fringes (154.5 MHz) used for calibration. The upper curve shows the corresponding 
bolometer spectrum. The line position of the fundamental transition is used in the 
calibration of the double resonance line. 
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This yields a total of 11 observable double resonance transitions, 5 transitions starting from 
the ^(4,3,1) level and 6 from the 1/7(6,3,4) level. The frequencies and intensities of the 
double resonance transitions can be found in table 3.3. For a discussion of the spectroscopic 
information obtained from these lines, we refer to chapter 4 where additional transitions of 
the 1/7 +1/9 •— v-j band e.g. from absorption cell measurements are discussed. 
Table 3.3 Observed double resonance transitions of the i/7 + v9 *— νΊ band 
of ethylene. See text for details. 
nr 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Vl 
(J',K'0,K;) 
(4,3,1) 
(6,3,4) 
^7+9 
(J.K..K,) 
(5,4,2) 
(4,4,0) 
(4,2,2) 
(3,2,2) 
(5,2,4) 
(7,4,3) 
(6,4,3) 
(7,2,5) 
(6,2,5) 
(5,2,3) 
(5,4,1) 
frequency 
[cm" 1 ] 
3135.5352 
3126.4279 
3077.5380 
3070.1870 
3139.1207 
3126.3625 
3090.6632 
3077.3662 
3066.6157 
uncertainty 
in 10~* cm - 1 
12 
12 
12 
12 
12 
12 
12 
12 
12 
int.(exp.) 
[a.u.] 
55 
32 
29 
37 
52 
20 
9 
21 
45 
int.(th.) 
[a.u.] 
55 
14 
25 
40 
5 
52 
33 
10 
40 
39 
3 
As measured by the bolometer, the line intensities are in general proportional to the 
Hönl-London factor YÍJK of the transition and the population of the initial state. Within 
one group of double resonance lines belonging to one CO2 laser excitation, the population 
of the initial 1*7 level is the same for every transition. Therefore, the line intensity depends 
on E.JK- It is reasonable to use the KJK values for the fundamental band [12]; only 
perturbations in the 1/7 + 1/9 band may cause differences in intensity. The last but one 
column of table 3.3 contains the measured intensities, corrected for CCL and CO2 laser 
power; the last column shows the theoretical line intensities, normalized to the strongest 
experimental double resonance line. 
Line intensities as measured on a bolometer have to be interpreted with caution because 
it is known that the bolometer sensitivity decreases after prolonged operation. All measured 
intensities are therefore accompanied by an error of 20%. A comparison of the line intensities 
with the predicted values within this limitation shows resonable good agreement. 
In both groups, one predicted hot band line is not observed. In both cases it concerns a 
transition where |AKC| = 3 . With the bolometer signal proportional to the Hönl-London 
factor, the small HJK value explains the missing of the two weakest lines. 
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3.7 Methanol experiment 
The double resonance spectroscopy of methanol differs from that of ethylene by the lack of 
extensive spectroscopic knowledge of the fundamental vibrational transitions involved; in 
the case of ethylene, ground state and v7 fundamental were analyzed thoroughly in earlier 
experiments. 
Methanol is a nearly prolate top (к = —0.98). Its fundamental vibrations cover the 
range between 1030 c m - 1 (ι/
β
, C-0 stretch) and 3672 cm - 1 (»Ί, O-Η stretch), see figure 3.8. 
methanol 
Щ с т
1 ) 
4700 
3670 
1030 
A 
tf 
ι 
5 
ground slate 
Figure 3.8 Part of the vibrational spectrum of methanol, CH3OH. The v& funda­
mental is excited by the CO2 laser (solid arrow). The CCL can be tuned over the 
fundamental v\ band and its hot bands. 
A complication is formed by the torsion rotation motion of the OH group (270 cm - 1 ) 
around the CH3 axis. This rotation is opposed by a threefold potential barrier. For an 
infinitely large barrier, the states would be labelled by η = 0,1,2,.. for each η being threefold 
degenerate. The finite barrier height (373 c m - 1 [13]) and the probability of tunneling 
through this barrier removes this degeneracy. An additional quantum number τ = 1, 2 or 
3 is needed to describe the torsional-rotational levels. 
The transition dipole moment of the C-0 stretch points along the C-0 axis, i.e. no 
torque can be excerted around this axis. Therefore, ΔΚ = 0 for the i/6 mode (parallel 
band). This simple band structure becomes complicated as each ΔΚ = 0 transition splits 
for different values of τ . 
The spectroscopy of the v% band at 1030 c m - 1 is well known, mainly because of interest 
50 Chapter 3 
for Far Infrared laser radiation generation in methanol. From these studies (for the latest 
review see [14]), a list of coincidences followed for relatively high J,K values as reported in 
chapter 2. 
The O-Η stretch transition dipole moment does not point along one of the principal axes 
which results in a hybrid type band with selection rules for both parallel and perpendicular 
bands. The assignment of low J, К values (about J<7 and K<3) of the Ui band by Kleiner 
et al. is known since 1991 [15]. They measured this spectrum on a setup similar to ours. 
Other studies by Lee et al. [13] and Carrick et al. [16] resulted in the assignment of a 
number of rotational subbands on the high- and low frequency wings of the fundamental v\. 
Because of the low rotational temperature of a molecular beam, we also require a CO2 
laser coincidence with a transition starting from a low rotational level in the (torsional) 
vibrational ground state. A closer look at table 2.2 of chapter 2 shows that only 3 of the 30 
coincidences fulfill this requirement. 
A conclusion of the O-Η and C-0 stretch ( ік
 ъ
) studies is that no ground state rota­
tional levels are assigned which can be pumped by the CO2 laser and also probed by the 
CCL. The double resonance spectroscopy yields a labelling of ground state levels as depleted 
by the CO2 laser and probed by the CCL. Without an assignment of the pumped transition, 
the observed double resonance lines can not be labelled. Note that scanning the CCL yields 
also information concerning the hot band v6 + V\ <— v%. 
3.7.1 Preliminary CCL measurements on methanol 
The transition strength of the fundamental v\ band is weak compared to the strength of 
the и
ъ
 band [17]. The fundamental v\ vibration has been recorded on a molecular beam 
of 5% CH3OH in helium. In first instance, we measured the fundamental spectrum with 
a single pass of the CCL beam through the molecular beam. The strongest observed lines 
were found with a S/N = 4. A comparison of our CCL power (at that moment about 
3 mWatt) with the CCL power and the multipass arrangement in the Kleiner experiment 
[15] (8-9 mWatt, about 20 effective passes and a S/N of about 100) explains our low S/N 
ratio. The introduction of the multipass system as described in section 3.4 and a higher 
CCL power (12 mWatt) resulted in a spectrum with intensities and S/N ratios comparable 
to those of [15]. 
A comparison of the assigned spectrum, by Kleiner et a l [15], with a Fourier transform 
spectrum at room temperature as provided by B.P. Winnewisser [18] shows that low J,K 
transitions are visible in this Fourier spectrum but with relatively low intensity. Thus, the 
use of those room temperature spectra for assignment of beam spectra is problematic. 
3.7.2 Preliminary CO2 laser measurements on methanol 
Measurements on methanol were performed on a molecular beam of 1% CH3OH in helium. 
The CO2 laser was mechanically chopped and scanned over the 1 2 C 0 2 9P-band. We observed 
two coincidences with methanol (table 3.4). 
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Table 3.4 Molecular beam CO2 laser coincidences with CH3OH 
nr 
1 
2 
CO2 laser line 
9P18 
9P20 
detuning 
(une.) 
[MHz] 
-20(10) 
-70(10) 
The first concidence (nr. 1) has been reported previously by Bizzarri et al. [19]. Their 
identification of this line as the g.s.(n,K,J) = g.s.(0,4,9) -+ fg(0,4,10) is not confirmed in 
the latest review where a detuning of +163 MHz is mentioned [14]. In earlier studies, the 
second coincidence (2) is not found and thus not assigned. The S/N ratios of the observed 
CH3OH transitions are 50 and 11 for transitions 1 and 2, respectively. No broadening other 
than the instrumental broadening is observed. The laser power dependence of the bolometer 
signal showed that the latter is proportional to the laser power for P<0.5 Watt, so that we 
can exclude two-photon transitions. With the assumption that due to the cooling in the 
expansion only rotational levels in the vibrational ground state are populated, both lines 
are to be identified with low J and К values. In direct absorption, we observed a strong 
absorption of CO2 laser power around the 9P18 line but no saturation dip has been detected 
with a 1.2 m saturation cell filled with 60 mTorr CH3OH. This absorption is probably 
due to the coincidence with the gs(0,4,9)—» ι/
β
(0,4,10) transition, at +163 MHz from the 
CO2 laser line center (where we did not scan, actually). The line position of the observed 
but unassigned transition (1) of table 3.4 is too close to resolve this transition in a direct 
absorption measurement and escapes from observation due to the probably low intensity at 
room temperature, an argument that is born out by the preliminary CCL measurements 
(see preceding section). In case of the coincidence with the 9P20 line, no saturation dip is 
detected probably because this transition absorbs too weakly. 
3.7.3 Conclusion 
With a stabilized CO2 laser as an essential part in the double resonance experiment, it has 
been impossible so far to label the two methanol ground state levels for which CO2 fre­
quencies induce transitions in a molecular beam double resonance experiment. Nevertheless 
we observed a saturation dip for three coincidences with methanol, each of these usable 
to stabilize the C 0 2 waveguide laser. The assignment of these coincidences involves states 
with torsional excitation or states with higher J and К values. This suggests to attempt a 
measurement of the double resonance lines in a cell at room temperature with a saturation 
technique as will be described in chapter 4. 
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Double resonance saturation spectroscopy 
Abstract 
A double resonance technique has been applied to Doppler-free cell measurements to obtain 
1/7 + 1/9 «— v-i transitions in ethylene. The lower levels of the pumped transition are well 
populated at room temperature. In a long absorption cell, two counterpropagating laser 
beams with very different wavelength probe transitions with a common level. One of these 
lasers is stabilized to a chosen transition by a saturation dip; the other laser then shows 
a narrow depletion dip/ population peak at the center of a Doppler broadened absorption 
profile. Three new CO2 laser coincidences have yielded 11 new transitions of the 1/7+1/9 *— 7^ 
band. This same technique of two counterpropagating laser beams has also been applied to 
observe double resonance transitions in methanol, with negative results so far. 
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4.1 Introduction 
The analysis of one-laser room-temperature spectra of even relatively small molecules can 
be a hard problem to solve. A population of molecules which is largely distributed over 
vibrational and torsional modes with energy levels below 200 c m - 1 (about kT at room 
temperature) can easily result in a congestion of the spectrum consisting of fundamental 
rovibrational transitions and rovibrational transitions between other vibrational and tor­
sional modes. The Doppler-broadened linewidths (of about 200 MHz for transitions in the 
3 μπι region) smooth the structure of all bands into an almost non recognizable pattern. This 
implies the necessity of Doppler-free spectroscopic techniques to analyze room-temperature 
spectra. 
With a narrow bandwidth laser it is possible to label one of the three participating levels; 
an assigned spectrum in the frequency region of the first laser is used to label, velocity 
selectively, this level which is probed by the second laser (fig. 4.1a, depletion peak). If the 
w2 |2> 
•tov. 
w3 |3>-
w, | i> 
Ä 
•ho. 
•Τΐϋ,= -Τιω0 
Η 
200 MHz 
15 MHz 
4 
« (b) 
Figure 4.1 a) Labelling of the depleted state (by laser 1) with laser 2. b) The 
velocity selective excitation results in a dip at tie center of the Doppler broadened 
transition |1) —• |3) (laser 1 on resonance with transition |1) —> \2)). 
two laser beams are counterpropagating with respect to each other and the frequency of the 
first laser is stabilized at the central frequency of the first transition (fig. 4.1b), a narrow 
dip appears at the top of the Doppler broadened second transition. The depth of the dip is 
proportional to the population transferred by the first laser. Frequency stabilization of the 
first laser is easily achieved by using a separate saturation cell. 
In the same experimental setup with two lasers, information can also be obtained on 
transitions starting at the level excited by the first laser (fig.4.2, population peak). 
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Figure 4.2 Origin of the different signals as observed in a scan of the second laser 
with the first laser on resonance with the transition |1) —• |2). Probing of (a) a directly-
depopulated level or (b) a directly excited level. Collisions induce population transfer 
to (from) other states which can be probed; (c) collisionally depopulated rotational 
states in the vibrational ground state or (d) collisionally excited rovibrational states 
If the two lasers are again counterpropagating and the first laser is on resonance with 
the lower transition (|1) —> |2)), the double resonance signal (|2) —* |3)) is measured with a 
sub-Doppler linewidth. 
The use of a cell often implies the presence of collisions between excited molecules and 
(non) excited ones. These collisions result in general in random changes of the velocities 
and in population transfer to other rotational and vibrational states. The collision-induced 
populated states can be probed by the second laser. As a result of the random velocities 
after a collision, the lineshapes of these transitions will be Doppler-broadened. However, if 
relaxation between rovibrational levels with an energy gap less than the mean translational 
energy of the molecule is monitored, the narrow saturation dip may be transferred to the 
collisionally excited molecule, a phenomenon recently observed for levels related to pure 
rotational relaxation inside a vibrational band [1]; it may also be observable in relaxation 
processes among closely spaced energy levels belonging to different vibrational bands. 
Since the absorption of the probe laser is measured, the double resonance technique 
discriminates between the absorption signals of the populated (excited) levels being opposite 
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in phase as compared to the absorption signals of the depopulated (ground) levels. This 
phase difference and selective probing of levels turns the double resonance technique into a 
valuable spectroscopic method. 
In the following sections we will discuss the saturation spectroscopy experiments on 
ethylene (section 4.3) and methanol (section 4.4). The observed linewidths are subject of 
discussion in the following section. 
4.2 Double resonance linewidth 
With two counterpropagating lasers, inhomogeneous broadening mechanisms can be circum­
vented. The remaining linewidth is determined by several broadening mechanisms which 
will be discussed below. 
1) Power broadening. 
The pump laser intensity causes a line broadening which can be described by an increase 
of the linewidth of the transition from 2η to 2(7* + | | П
д
| 2 ) а with 2η the FWHM of the 
non-power broadened homogeneous transition linewidth and QR the Rabi frequency [2] 
Пя = f , (4.1) 
where μ the transition dipole moment and E the electric field strength. In the case of a 
TEMQO laser beam, £ is a Gaussian function of the distance r from the beam axis 
-
2 1 n 2 ( £ ) } · E{r) = £(r 0 ) e x p | - 2 I n 2 ^ - j | , (4.2) 
in which 5 stands for the FWHM of the intensity profile. The peak electric fieldstrength 
E(r0) is related to the total power P0 by 
_, , /P081n2 ,„ „, 
ЕЫ
 = v ^ *
 ( 4
·
3 ) 
To determine the effective contribution of power broadening to the linewidth, we calculate 
an average Rabi frequency, < QR>. The averaged electric fieldstrength < E > is defined 
by its average value over the FWHM of the beam diameter resulting in 
The linewidth has been measured accurately for a C 0 2 laser power of 1.2 Watt with a 
beam diameter of 4 mm (FWHM) at the entrance of the cell. From eq. 4.4, the average 
Rabi frequency is 11.4/2π MHz (angular frequency). So far, we assumed in the calculation 
of power broadening a Lorentzian lineprofile that is broadened. As we are dealing with 
Gaussian intensity profiles, the power broadening becomes less effective. Saturation studies 
by Salomon [3] showed that the broadening for Gaussian line profiles is at least a factor two 
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smaller; this factor increases for larger powers. Therefore, we use half the obtained value as 
the power broadening of the double resonance linewidth. The CCL power of about 5 mWatt 
is small enough to neglect any power associated broadening by. 
2) Instrumental broadening. 
Instrumental broadening consists of the linewidths of both lasers and the angle between the 
two lasers. The linewidth of the CO2 laser, stabilized on a saturation dip in the saturation 
cell, is within 1 MHz; the CCL linewidth is 4 MHz (free running). As can be seen from 
figure 4.1, the CCL is detected in absorption. A small angle between the two laser beams 
causes a Doppler broadening in the observed transition. The average thermal velocity of 
molecules of mass m in a gas at (room)temperature Τ and the angle 7 between the two laser 
beams determine a residual Doppler shift Su at the laser frequency ν described by 
χ " Щ • (A *\ 
ou — -\ —-stn~f. (4.5) 
с V тпг 
This shift yields a Doppler broadening of the signal. In our case 7 = 0.82 °, which results 
in a broadening over 3 MHz for double resonance transitions around 3100 c m - 1 in ethylene. 
3) Collision broadening. 
The collision broadening coefficient of C2H4 is 6.4 MHz/Torr (HWHM) [4]. A gas pressure 
of 200 mTorr thus results in a collisional broadening of 2.5 MHz; collisional broadening can 
be neglected for lower pressures of about 40 mTorr in the 6 m cell. 
4) Other broadening mechanisms. 
Line broadening as a result of the natural broadening by spontaneous decay of the excited 
state, the divergence of the laser beam, the time of flight of the molecule through the laser 
beam, the collisions with the wall of the sample cell and the second order Doppler effect 
are all less than 1 MHz and can be neglected in the calculation of the linewidth. The 
combination of all broadening mechanisms yields a theoretical linewidth of 9 MHz for the 
short cell and 8 MHz for the long cell. 
The observed linewidth in the double resonance experiment has been 20 MHz and 10 
MHz for the short, 1.2 m cell and the long, 6 m cell, respectively. The discrepancy between 
the theoretical and experimental values for the short cell is neither well understood nor 
thoroughly investigated here. Complementary measurements show no pressure dependence 
of the linewidth within the pressure region where the double resonance signal is observed 
(less than 0.5 Torr). The small diameter (10 mm) of the short cell may have scattered laser 
light against the walls. This should cause a broadening of the linewidth as the scattered 
light also pumps and probes molecules with velocity components parallel to one of the laser 
beams yielding Doppler shifts i.e. broadening 
4.3 Double resonance experiment on ethylene 
The molecule ethylene, C 2H 4 , is a nearly symmetric prolate top; the rotational levels are 
described by the quantum numbers(J,K
a
,K
e
) where the values of K0 satisfy the condition 
0 < K0 < J; the corresponding value of Kc is Ke = J-K„ or Ke = J-K a +1 (but Ke < J). 
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The 1/7 band of ethylene can be excited by a C 0 2 waveguide laser (fig.4.3); a list of the 
strongest coincidences is presented in chapter 2. 
E (cm1 ) 
4050-
3 1 0 0 -
<· 
9 5 0 -
Figure 4.3 Part of the vibrational energy scheme of ethylene. The CO2 waveguide 
laser populates a single 1*7 rovibrational level. The CCL can be tuned to probe the 
directly excited state or states (de)populated by collisions (g.s., v\o)-
The CCL can been used to probe the fundamental vg band at 3105 c m - 1 . Spectroscopic 
data were taken from Pine [5]. The presence of two pairs of equivalent Η-atoms leads tc 
four different (spin) symmetry species, labelled as A,Bi,B2 and B3. The multiplicity of the 
Α-species is 7, for the other species 3 (table 4.1). 
Table 4.1 Symmetry of the rotational levels within a vibrational band of 
ethylene [6]. 
κ
α 
even 
even 
odd 
odd 
K
c 
even 
odd 
even 
odd 
gs., 
"10+9 
A 
B 3 
Bi 
B 2 
V7 
Bi 
B2 
A 
B3 
f i o 
в 2 
Bi 
Вз 
А 
^7+9 
Вз 
А 
в 2 
Ві 
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4.3.1 Experiment 
We performed the double resonance saturation spectroscopy first in a 1.2 m long and later 
in a 6 m sample cell which is used in double pass yielding an absorption length of 12 m. The 
observation of many collisionally populated hot band transitions in the short cell shows that 
many collisions take place. A lower pressure combined with a longer absorption pathlength 
thus yields an improvement of the directly pumped double resonance signal. Figure 4.4 
shows the experimental setup. The stabilization of the CO2 waveguide laser on a saturation 
CCL waveguide AOM V ^ to stabilization 
Ar +dye 
absorption cell 
h-i Я— 
OPbs 
-)PbS 
étalon 150 MHz 
^ g—Я э й * 
CCL 
spectrum analyzer 
Figure 4.4 
m long cell. 
Setup for the saturation double resonance experiment in the short, 1.2 
dip is described in chapter 2. One part (50%) of the CO2 laser beam is used for the 
stabilization on a (1/7 <— g.s.) C2H4 transition whereas the other part (50%) traverses the 
saturation cell. The C 0 2 waveguide laser is mechanically chopped at a frequency of 950 Hz 
and its induced effect on the CCL absorption is background free detected on a PbS detector, 
connected to a lock-in amplifier. The CCL beam traverses the cell in reverse direction; both 
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beams are aligned, maximizing their overlap. A first coarse scan of the CCL is made to 
locate the double resonance lines by approximation, followed by a high resolution scan to 
determine the line positions. The optimum pressure to observe the double resonance lines 
is found using a known v-i + 1/9 «— 1/7 transition. From figure 4.5 an optimum pressure oí 
200 mTorr for the short cell has been derived. 
150 . 
100 _ 
50 
I (a-u) 
100 200 
1 111 
500 1000 
Pressure (mTorr) 
Figure 4.5 Pressure dependence of double resonance signals for the 12m cell. 
The CO2 laser ¡s on resonance with 17(4,3,1) <—gs(3,2,l). The о points belong to 
a (depleted) ground state transition, 1-9(4,3,2) <—gs(3,2,l) and χ are points of the 
1/7 + 1/9(5,4,2) <— 1*7(4,3,1) hot band transition, both transitions measured by the 
CCL in absorption. 
The existence of an optimum is due to the fact that, with decreasing pressure, the 
number of collisions diminishes (resulting in a larger double resonance signal) but also the 
number of molecules decreases (yielding less signal). The optimum pressure for the long cell 
is about 60 mTorr. Here, the longer pathway compensates for the lower number of molecules 
available in the cell. 
The mean free path of a C2H4 molecule at 200 mTorr is about 250 μτη. Since the lasei 
diameter is about 4 mm, excited molecules on average experience several collisions before 
leaving the probed volume. The study of collisions! relaxation processes in C2H4 has showr 
a fast relaxation from the vj vibrational band to the v\Q vibrational band [7] l . Corre-
A discussion of the fast vibrational-vibrational ( W ) relaxation can be found in chapter 5 
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spondingly, the ¡/w + i/g *— щ transitions are observed dominantly in the short sample 
cell double resonance spectrum, as in C2H4 molecular jet experiments [8]. They are dis­
tinguishable from the directly pumped transition 1*7 + u$ «— 1/7 because their lineshape is a 
Doppler broadened width as a result of velocity changing collisions. The Doppler-broadened 
lineshape also appears for the ground state levels which are depopulated by collisions to re­
plenish the directly depleted level. In the longer cell, all these collisionally mediated broad 
transitions were also observed albeit less pronounced. 
In earlier work of Dam [8] two CO2 laser lines were used to measure six 1/7 + v$ *- 1/7 
double resonance lines. A longer absorption pathlength using a molecular beam double 
resonance technique we added 9 other hot band transitions with two new CO2 laser coinci­
dences (chapter 3). Here, we introduce four other C 0 2 laser transitions to excite the C2H4 
molecules [9] from the groundstate to the 1/7. The transitions are tabulated in table 4.2; 
the first three transitions are new; the fourth transition has been used to improve the earlier 
results and to measure one previously not observed double resonance line [8]. 
Table 4.2 C 0 2 laser coincidences with ethylene as used in the saturation 
double resonance experiment 
nr 
1 
2 
3 
4 
CO2 laser line 
10P44 
10P46 
10R40 
10P26 
Offset 
[MHz] 
+63 
+110 
-163 
+113 
Vl 
(J,K„,K
e
) 
(9,0,9) 
(5,2,3) 
(12,5,7) 
(6,1,5) 
g-s. 
(J,K
e
,K
e
) 
(10,1,9) 
(6,3,3) 
(12,4,9) 
(6,2,5) 
4.3.2 Results 
Using the CO2 laser coincidences listed in table 4.2, 11 new double resonance lines have 
been observed which could unequivocally be assigned to the 1/7 + i>g *— ν
Ί
 hot band. One 
of the hot band transitions is shown in figure 4.6. Note the phase difference and lineshape 
difference between a fundamental and a collisionally induced hot band transition and the 
hot band transition belonging to the directly pumped state. 
In combination with the molecular beam double resonance measurements reported in 
chapter 3, we now have 7 C 0 2 laser coincidences resulting in 33 possible double resonance 
transitions belonging to the 1/7 + w» «— 1/7 band. Six of these were not observed in neither 
the saturation cell nor in the molecular beam experiment; one line was not observed in the 
saturation spectroscopy experiment but only on the molecular beam. Line positions and 
intensities of all observed v-j + 1/9 •- t/γ transitions are listed in the appendix (table 4.3). 
In table 4.4 several effective spectroscopic constants are summarized. The number of 
data points is too small to obtain accurate values of higher order "diagonal" constants. 
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3135 4739 cm"' 
υ 7 +υ (5,4,2) < - υ (4,3,1) 
Figure 4.6 Part of the double resonance spectrum. The lower curve is a fragment 
of the absorption spectrum of the С^Щ fundamental obtained from a 20 cm long cell 
with a pressure of several Torr С2Я4. The upper curve is the double resonance signal, 
the line at 3135.4739 cm - 1 belongs to the i/9(6,3,3) <- gs(5,2,4) fundamental; the 
broad hot band transition is an unassigned hot band at 3135.5066 cm-1. The sharp 
signal ñnaüy is positioned at 3135.5352 cm'1 
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Table 4.4 Spectroscopic constants of ethylene, C2H4. Data for the ground 
state, u7 and ur0 are from [10]; for і/щ + i/9 from [8]. The values in the last 
two columns are effective ones because Coriolis coupling has been neglected, 
here. 
E„ [cm 4 
A [cm"1] 
В [cm"1] 
С [cm"1] 
g.s. 
0 
4.8646064 
1.0010545 
0.8280424 
vr 
948.77095 
4.8658108 
1.0013273 
0.8294200 
"10 
825.92668 
4.876479 
1.000556 
0.8264937 
t"7 + V9 
4046.9489 
4.9960017 
0.9929412 
0.8276980 
l'io + Щ 
3928.0018 
4.68638 
0.98190 
0.82469 
Their values for the 1/7 + vg are therefore fixed to the values for the 1/7. The analysis of the 
1/7 +1/9 band does not take explicitly any Coriolis coupling to other vibrational bands into 
account as e.g. the і>ю + д. Note that the Coriolis coupling between v-¡ and fio produces 
shifts up to several wavenumbers. Nevertheless, the predictive power of the Hamiltonian 
without Coriolis coupling but with the effective values of table 4.4 yields agreement with 
experiments within 0.02 cm -1, for the v-j + 1/9 and i/\o + i>g combination bands. 
There are two exceptions, line nr. 14 and 24. The two lines are shifted ( 0.09 cm - 1 and 
0.22 cm - 1 respectively) by some local perturbation. It is however not possible to identify 
the responsible perturbation due to the lack of more data points. More data points will 
become available soon from a double resonance saturation experiment with a longer cell (12 
m) and other CO2 laser - C2H4 coincidences with detunings from the CO2 laser line center 
between 250 and 500 MHz. 
Although not explicitly searched for, we observed a i ^ + i^ *- ^ transition starting 
from another than the directly pumped u7 level in the short cell. The excited level is the 
1/7(4,3,1) and the observed hot band starts from the collisionally populated і^(5,3,3) 2 . The 
energy gap between these two levels is 9.1 c m - 1 [10]. Despite of this small energy gap, no 
transferred spike has been found on top of the broad linewidth. The main difference between 
our experiment and the one of Schwendemann et al. [1], in which transferred spikes were 
observed, is the gas pressure in the cell. The spikes for e.g. NH3 were most conspicious for 
pressures of a few mTorr whereas our sample cell pressure has been 200 mTorr yielding a 
larger number of collisions and the loss of a preferential velocity direction. 
2The assignment is subject of discussion in chapter 5. 
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4.4 Double resonance experiment on methanol 
The technique of level labelling has been applied to obtain spectroscopic information on the 
OH- stretch in methanol. With the knowledge of C 0 2 laser coincidences in methanol, the 
CCL can be tuned to probe the depleted rovibrational level. 
Three CO2 laser coincidences have been found which can be used for this labelling 
procedure (table 4.5). The CO2 waveguide laser is saturation dip stabilized on one of these 
transitions as described previously in chapter 2. 
Table 4.5 CO2 laser coincidences with methanol which can be locked on a 
saturation dip 
nr. 
1 
2 
3 
CO2 laser line 
9P16 
9P34 
9P36 
detuning 
[MHz] 
-56 
+24 
+24 
transition 
AJ(n,K,J)Symm 
R(1,0,16)A 
Q(1,5,9)A 
Q(0,8,16)E 
4.4.1 Experiment 
The experiment is performed in a 6 m long sample absorption cell with two counterprop-
agating lasers, figure 4.7, yielding an effective absorption pathlength of about 12 m. The 
Figure 4.7 Overlap of laser beam in 6 m sample absorption cell. The laser beam is 
focussed after one meter in the cell and is reflected after б meter by a concave mirror 
(R = 10m). A second focus is obtained 1 meter before the the beam ¡eaves thecell 
through a second window. The second laser beam enters the cell where the first beam 
leaves and is also focussed after 1 m. 
angle between both beams, necessary to detect the CCL in absorption, is less than 0.5 e . 
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Previous studies of the OH- stretch have resulted in the assignment of levels with low J 
and К values [11] and of P, Q and R branches [12, 13]. Unfortunately, no transitions are 
assigned involving ground state levels which can also be depleted by the C 0 2 laser. This 
lack of information implies that a parameter like the optimum pressure in the sample cell 
cannot be determined prior to the double resonance experiment. It is however reasonable 
to use a higher pressure for methanol than for ethylene because of the reduced transition 
strength. 
4.4.2 Results 
The double resonance experiment has been performed with a pressure of 300 mTorr CH3OH 
in the 12 m long absorption path. The C 0 2 waveguide laser has been stabilized on the 
AJ(r,K,J)symm = Q(1,5,9)A transition of the CO- stretch, uB. At the entrance of the cell, 
the C 0 2 laser power is 0.9 W whereas the CCL power is 6 mW. The C 0 2 laser is chopped 
and the induced changes in CCL absorption are detected on a pyro detector and fed into a 
lock-in amplifier. The CCL has been scanned continuously between 3695.4 and 3678.4 cm - 1 , 
the frequency range around the band center of the OH-stretch. This frequency region has 
an overlap with a number of H 2 0 transitions which obscure a few regions in the measured 
spectrum by water absorption in the about 1.5 m pathlength between the entrance of the 
cell and the CCL. 
The recorded signal shows no double resonance signal originating from the directly de­
pleted ground state level or from a hot band transition. We can give the following explana­
tions that may explain why no signal has been observed: 
(1) The pressure in the sample cell has not been optimized by the lack of transitions foi 
CO2 laser and CCL with a common ground state level. 
(2) The scanned region has been around the band center of the OH- stretch at 3672 c m - 1 
without further knowledge of line positions. The scanned region may contain only transi­
tions with low intensity. 
(3) The methanol transitions coincide with H 2 0 transitions. 
The fact that we did not observe double resonance lines does not prove that this method ol 
labelling in a long absorption cell is too insensitive. 
4.4.3 Further methanol experiment 
After these measurements, I. Kleiner provided us with predictions of transition frequencies 
for the OH stretch concerning levels which can be depleted by the C 0 2 laser (table 4.5). 
Table 4.6 in the Appendix shows calculated frequencies of transitions starting from the 
gs(l,5,9) level. These predictions are calculated with the program used in ref. [11]. Note 
that they are based on upper state parameters that were determined from a fit having a 
rms = 0.0013 c m - 1 . They also represent an extrapolation since the fit includes only J 
up to 8 or 9 and implied only η = 0 torsional levels [14]. A close examination of the 
list of predictions shows that three transitions should actually have been observed in oui 
preliminary experiments. 
ее 
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With the line frequency predictions, it will be possible to optimize the system and to 
label the ground state. Recording the spectrum will also give double resonance transitions 
belonging to the v6 + vi «— ι/Λ hot band. 
The CCL as used so far has been controlled manually. The introduction of an automation 
system following the Scoles group (see e.g. [15]) and helped by E. Kerstel has significantly 
simplified the scanning procedures. One of the future goals of our group is to measure the 
OH- stretch. 
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Appendix: Table 4.3 Frequencies and intensities of ¡^ + i/9 *- щ hot band. The 
transition frequencies of column 6 agree within 0.02 cm~l with those calculated on the 
basis of an effective Hamiltonian using the parameters of table 4.4, except line 14 and 24. 
Column 
1: Results from A: ref [8]; B: Molecular beam experiment ; C: Saturation experiment. 
2: Number 
3: Rotational state in the vibrational ground state, notation (J,K
a
,K
e
). Below, the energy 
of the level (in cm~l) 
4: Rovibrational state of u7 
5: Rovibrational state of v-r+^9 
6: Experimental frequency (in cm~l ) 
7: Uncertainty in experimental frequency (in 10~Acm~x ) 
8: Intensity (a.u.j, normalized to CCL and CO-¿ laser intensity 
1 
A 
В 
С 
2 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
3 
(4,1,3) 
23.08969 
(3,2,1) 
26.80107 
(5,2,4) 
43.21579 
(10,1,9) 
108.52113 
(6,3,3) 
74.01871 
(6,2,5) 
54.16319 
(12,4,9) 
206.22351 
4 
(5,0,5) 
975.9671 
(4,3,1) 
1004.0184 
(6,3,4) 
1024.1214 
(9,0,9) 
1029.3523 
(5,2,3) 
992.7406 
(6,1,5) 
992.8552 
(12,5,7) 
1193.8382 
5 
(6,1,6) 
(5,1,4) 
(4,1,4) 
(5,4,2) 
(4,4,0) 
(4,2,2) 
(3,2,2) 
(7,4,3) 
(6,4,3) 
(7,2,5) 
(6,2,5) 
(5,2,3) 
(10,1,10) 
(9,1,8) 
(6,3,4) 
(5,3,2) 
(6,1,6) 
(5,1,4) 
(4,1,4) 
(7,2,6) 
(6,2,4) 
(5,2,4) 
(6,0,6) 
(13,6,8) 
(12,6,6) 
(12,4,8) 
(11,4,8) 
6 
3111.491 
3103.590 
3092.435 
3135.5352 
3126.4279 
3077.5380 
3070.1870 
3139.1207 
3126.3625 
3090.6632 
3077.3662 
3066.6157 
3116.7496 
3106.7917 
3129.2200 
3118.2840 
3094.7177 
3086.8155 
3075.6604 
3121.3381 
3108.9636 
3097.7177 
3091.9784 
3165.3194 
3141.8325 
3060.6915 
3038.7473 
7 
50 
50 
50 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
24 
12 
12 
12 
12 
12 
24 
12 
12 
12 
12 
12 
8 
258 
132 
188 
328 
39 
17 
302 
203 
205 
156 
38 
148 
104 
33 
39 
50 
254 
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Table 4.6 Calculated predictions of OH stretch transitions [14]. The lower 
level is assigned in the symmetric top notation (n,J,K). The calculated tran-
sitions are in the asymmetric top notation (n,J,Ka,Kc). This explains the 
double character of the calculated positions. 
(n,J,Ka,Ke) 
Vi 
A species 
(1,8,4,4) 
(1,8,4,5) 
(1,8,5,4) 
(1,8,5,3) 
(1,8,6,2) 
(1,8,6,3) 
(1,9,4,6) 
(1,9,4,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,6,4) 
(1,9,6,3) 
(1,10,4,6) 
(1,10,4,7) 
(1,10,5,6) 
(1,10,5,5) 
(1,10,6,4) 
(1,10,6,5) 
E species 
(1,8,4,4) 
(1,8,-4,5) 
(1,8,5,4) 
(1,8,-5,3) 
(1,8,6,2) 
(1,8,-6,3) 
(1,9,4,6) 
(1,9,-4,5) 
(1,9,6,4) 
(1,9,-6,3) 
(1,10,4,6) 
(1,10,-4,7) 
(1,10,5,6) 
(1,10,-5,5) 
(1,10,6,4) 
(1,10,-6,5) 
(n.J.ICK,) 
g.s. 
(1,9,5,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,5,4) 
(1,9,5,5) 
(1,9,-5,4) 
(1,9,5,5) 
(1,9,-5,4) 
(1,9,5,5) 
(1,9,-5,4) 
(1,9,5,5) 
(1,9,-5,4) 
(1,9,5,5) 
(1,9,-5,4) 
(1,9,5,5) 
(1,9,-5,4) 
(1,9,5,5) 
(1,9,-5,4) 
(1,9,5,5) 
(1,9,-5,4) 
freq (cm *) 
3726.6225 
3726.6225 
3699.8293 
3699.8293 
3736.8276 
3736.8276 
3740.9484 
3740.9484 
3714.0983 
3714.0983 
3751.0585 
3751.0585 
3756.8644 
3756.8644 
3729.9525 
3729.9525 
3766.8716 
3766.8716 
3651.0113 
3591.7757 
3695.1012 
3681.9311 
3800.7308 
3668.8250 
3665.3099 
3606.0849 
3814.9892 
3683.0575 
3681.1968 
3621.9846 
3725.2354 
3712.1302 
3830.8315 
3698.8711 
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Chapter 5 
Vibrational energy transfer in ethylene 
Abstract 
In a free molecular jet of ethylene, relaxation processes have been observed after the ex­
citation of a rovibrational 1/7 level. An improved spectroscopic analysis of the щ + i/g 
state has resulted in the assignment of 11 previously unassigned transitions as belonging 
to u-t + ug «— 1/7 hot band transitions. Their initial levels are populated by collisions as a 
consequence of RR relaxation within the 1/7 mode. Propensity rules are derived from the 
observed relaxation paths. The absolute values of the already published relaxation rates are 
reconsidered. 
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5.1 Introduction 
Collisions! relaxation processes in C2H4 have previously been observed in a double resonance 
experiment on a free molecular jet. After the vibrational excitation of molecules out of one 
specific rotational ground state level, the excited population is redistributed over many 
neighbouring rotational and vibrational levels by collisions. In addition, the replenishment 
of the depleted ground state population is measured and thus information is obtained on 
rotational transitions within the ground state. This experiment has resulted in a first 
spectroscopic analysis of the collisionally mediated v
w
 + vg *— i/\o hot band transitions [1] 
and the determination of several types of collisional relaxation rates [2]. 
Two main "problems" remained unsolved. First, no rotational relaxation within the 
excited i>j mode had been observed. The hot band spectroscopy resulted only in the assign­
ment of transitions starting from rotational levels in the U\Q vibrational mode. This would 
imply that the collisional relaxation rate for the i/7 —» i>10 vibrational relaxation (kyv) is 
(much) faster than the rotational relaxation rate within the υ
Ί
 vibrational mode (кдд). 
Second, the collisional depopulation of the directly excited level to rotational levels in 
the ui0 band, 125 c m
- 1
 lower in energy, was found to be a factor three faster than rotational 
relaxation in the ground state. 
On the basis of new experimental data, see chapters 3 & 4, a preliminary analysis of 
the is? + i/g hot band could be performed which yield effective rotational constants and 
band origin; a calculated spectrum has been provided by A. Fayt. With this spectrum, we 
have been able to identify 11 previously unassigned transitions as 1/7 + 1/9 «— \>i hot band 
transitions [1] (see section 5.2). This also implies the collisional relaxation rate k^v to be 
comparable to к
д д
 instead of (much) larger. 
The observation of a selected group of collisionally populated rotational states leads to 
a discussion of propensity rules for clearly visible preferential relaxation paths (see section 
5.3). 
The relaxation rates in [2] were derived "graphically". Relaxation plots in which the 
absorption signal of the probe laser (CCL) is displayed as function of the distance between 
pump and probe, Δζ, shows for various relaxation processes an initial, sharp peak near 
Δζ = 0 followed by a (less) sharp decrease of absorption signal for Δζ > 0. A subtraction 
method was applied to remove the contribution of the combined Gaussian line shape of 
the two laser foci in the flank of the absorption signal for Δζ > 0. After this subtraction, 
relaxation rates were estimated. For the depopulation of the directly excited rovibrational 
ι*τ level, this method failed because these plots are nearly symmetric. In section 5.4 these 
previous results will be discussed, taking into account our new findings and opinions. 
5.2 Hot band spectroscopy of ethylene 
For a discussion of propensity rules for collisional relaxation it is important to have a com­
plete characterization of the rotational states involved. The two pairs of equivalent H-atoms 
in C2H4 lead to four (spin) symmetry species; each rotational state (J,KOJKe) belongs to 
one symmetry species (table 5.1), with the statistical weights А:Ві:Вг:Вз = 7:3:3:3. 
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Table 5.1 Symmetry of the rotational Jeveis within a vibrational state of 
ethylene [3]. 
Symmetry vibration: 
K„ K
c 
even even 
even odd 
odd even 
odd odd 
A„ 
g.s., l>4 
A 
Вз 
Bi 
B2 
Blu 
Щ 
Bi 
в 2 
А 
Вз 
В 2 и 
1/9,1/10 
в 2 
Bi 
Вз 
А 
Вэи 
1/12 
Вз 
А 
в 2 
Ві 
In principle, no collisional transitions between these four species take place, on the time 
scale applicable to the jet experiments discussed here. The spectroscopy of the Ио+і^ *— ι/χο 
(fio: in-plane CH2 wagging vibration) hot band has been investigated by Dam et ai. [1]. 
They also probed 6 lines of two directly pumped 1/7 + 1/9 *— ^ ІУі'· out-of-plane CH2 wagging 
vibration) hot band transition. A short description of their experiment will be given here, 
since an appreciation of the experimental details is essential for the discussion below. In 
the experiment of [1], collisional relaxation is probed by a time resolved infrared-infrared 
double resonance technique applied to a molecular jet. At some distance below the nozzle, 
ethylene molecules are excited by a C 0 2 waveguide laser to a single, well known rotational 
state in the 1/7 vibrational band. The population is distributed by collisions over many 
neighbouring levels (fig. 5.1). The population distribution in the ι/χ0 mode is measured 
further downstream by a Color Center Laser (CCL), probing the hot band i/
x
 + 1/9 «— i/
x
, 
with, at least in principle, χ = 4,7,8 or 10. Experimentally, only probe laser transitions 
starting from і/щ rotational levels were observed (apart from transitions starting from the 
directly pumped i/7 levels), which would imply that the V-V' relaxation rate νΊ —• l'io is 
(much) faster than R-R relaxation within the 1/7. A fairly large number, 44 out of 169, of 
observed hot band transitions could, however, not be assigned. Therefore, at that time, it 
was not possible to obtain a clear picture of all relaxation processes present. 
New results of the double resonance experiment described in chapters 3 and 4 are used 
to obtain more accurate values of the effective 1/7 + 1/9 rotational constants. A. Fayt has 
been able to calculate a preliminary spectrum of the i/y + 1/9 <— 1/7 band [4]. Note that 
for 25 of the 27 transitions the agreement between calculated and measured frequencies is 
better than 0.02 cm - 1 . 
A comparison of the calculated spectrum with the observed hot band jet spectrum of 
[1] leads to the assignment of 11 hitherto unidentified t/7 + 1/9 *— 1*? transitions (table 5.2). 
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E (cm ) 
ι 
4 0 5 0 -
3100-
9 5 0 -
8 2 5 -
0 -
Figure 5.1 Part of the vibrational energy level scheme of ethylene. The pump laser 
(solid arrow) transfers population to a sperine rotational level in the 1/7. Relaxation 
to other levels redistributes the excited state population. This can be followed by the 
probe laser which is tunable over a) the fundamental 1/9 band, b) the directly pumped 
v-j and c) the collisionally mediated v\o hot band. 
5.3 Discussion of collision induced hot band spectroscopy 
To clarify the situation for the following discussion of preferential relaxation pathways, we 
have drawn in figure 5.2, observed collisionally populated levels in the v-i and щ vibrational 
band. In the leftmost and rightmost column of figure 5.2 the newly assigned v7 levels 
populated by the collisional rotational relaxation within the ν
Ί
 mode are shown. Of the 
fio levels reached by collisional relaxation from v^ to і/щ, only those giving rise to the 
strongest transitions, observed as the i>w + f9 «— fio hot band are shown. Under prevailing 
experimental conditions [1], every molecule experienced on average 1-2 gas kinetic collision 
i.e. transitions starting from preferentially populated levels show up strongly in the hot 
band spectrum. 
5.3.1 Rotational relaxation within the vj 
Considering the rotational relaxation processes within the v7 mode, only levels with the 
same symmetry as the directly pumped level are observed (see fig. 5.2). This confirms that 
the symmetry species do not change during collisions. A change of symmetry species would 
have to be accompanied by a change of coupling between the four proton spins. This is not 
expected to occur. There is, however, one exception, level (11,0,11), which is also observed 
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« ?
B i , 
υ , В, 
7 lu 
υ
ΐ Ο
Β 2 „ - , 2 5 c m 
Figure 5.2 Energy level scheme bearing upon all observed and identified 
vt + u% *— vt transitions and the strongest і/щ + ν» ·— «ΊΟ transitions. The ¡eñ-hand 
side shows the collisionally populated levels when the νη(5,0,5) of і symmetry is 
excited. The right-hand side is for excitation of the νγ(6,1,5) of B3 symmetry. The 
symmetry of each rovibrational level is equal to the symmetry of the excited vi level 
unless indicated. The solid arrows connect levels with equal symmetry and \AJ\ < 2; 
|ΔΚ] < 2. The dashed arrows connect Jeveis with equal symmetry but higher AJ and 
Δ.Κ values. The largest populations e.g. the strongest transitions are indicated by 
heavy lined boxes. 
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Table 5.2 Observed frequencies and intensities of collision-mediated 1/7 + 1/9 «— 1/7 
transitions. 
Column 
r,-i 
1: Line number used in [1] 
2: Frequency fem"1 ) 
3: Uncertainty in exp. freq in 10~3 
4: Identification 1/7 + i/g(J,K
a
,K
e
) 
5: Symmetry of νγ level 
6: Intensity when pumping ¡+¡(5,0,5) (a.u.j, B2 symmetry 
7: Intensity when pumping uy(6,l,5) (a.u.j, B3 symmetry 
cm 
v7(J"X,K) 
1 
2 
5 
9 
13 
73 
86 
120 
131 
132 
136 
166 
2 
3139.1145 
3137.3315 
3135.5344 
3135.4485 
3118.4253 
3116.7520 
3109.4878 
3105.8568 
3104.9119 
3102.7600 
3084.9418 
3 
1 
1 
1 
1 
1 
1 
6 
1 
1 
1 
1 
4 
(7,4,4) - (6,3,3) 
(6,4,2) *- (5,3,3) 
(5,4,2) «- (4,3,1) 
(10,3,8) - (9,2,7) 
(3,3,0) - (3,2,1) 
(10,1,10) «- (9,0,9) 
(11,1,10) 4- (11,0,11) 
(6,0,6) - (5,1,5) 
(7,1,6) «- (7,0,7) 
(3,1,2) <- (3,0,3) 
(4,1,4) - (4,2,3) 
5 
B3 
Вз 
Вз 
в 2 
в 2 
в 2 
в 2 
Вз 
В 2 
в 2 
в 2 
6 
10.4 
12.2 
28.5 
17.4 
28.3 
69.6 
14.0 
7 
7.1 
40.9 
10.4 
12.1 
15.0 
after 1/7(6,1,5) excitation; see below the discussion of energy swapping in section 5.3.2. 
When the v7(3" ,Κ'ά,Κ") = t/7(5,0,5) is pumped, preferential (even exclusive) populations 
are found for ΔΚ
α
 =K'
a
- K'¿ even, with 
A3 = even if ΔΚ
α
 = 0 
AJ = even and odd if ΔΚ
α
 = 2. 
For the pumped level 1/7(6,1,5) one finds 
ΔΚ 0 = even Ac A3 = even and odd. 
(5.1) 
(5.2) 
Big changes of the quantum numbers J and K
a
 possess a smaller propensity and accord­
ingly mainly A3 < 4 and ΔΚ < 2 were observed. There is one exception, the 1/7(11,0,11) 
level. This highest level is collisionally populated in spite of an energy gap of about 
100 cm - 1 « 140 К from the excited 1/7(5,0,5). This value is twice the thermal energy 
present in the jet at the point of excitation (70 K). The energy difference is bridged in twe 
gas kinetic collisions which is acceptable considering the experimental conditions of an av­
erage 1-2 gas kinetic collision between pump and probe process. An argument which cannol 
be ruled out is that this observed transition is in overlap with an unidentified v
w
 + V9 *- v\i 
hot band transition. 
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5.3.2 The i*j —• VIQ relaxation. 
A different picture is obtained for rovibrational relaxation. Of the 20 strongest і^ю+^э *— fio 
hot band transitions, 13 lines have the symmetry of the pumped v-j level and 7 have a differ­
ent symmetry. The symmetry changing collisions take place between excited molecules e.g. 
of Вг-species and molecules of e.g. Α-species in the vibrational ground state. In a swap­
ping process, both collision partners preserve their symmetry, but exchange a vibrational 
quantum. The molecule excited after a swapping collision can possess any symmetry [2]. 
From the seven lines occurring after symmetry changing collisions, five are of A symmetry. 
The statistical weight for A symmetry species is 7 as compared to 3 for other (Bj) sym­
metry species. This explains the relatively strong intensity of transitions from levels of A 
symmetry. 
Swapping explains also the appearance of the i/7 + i^(ll, 1,10) «— 1*7(11,0,11) transition 
for both pumping transitions although the directly pumped level is of different symmetry 
(B3), see table 5.2. It seems that the disposable energy of about 123 c m - 1 in а г/
т
 —» v\
a 
relaxation process increases the probability of observing swapping processes relative to the 
1/7 -* u-j case. 
Preferential population of vw levels belonging to the symmetry species of the directly 
pumped level is observed with 
Í Kl' = 0 A3 = odd 
\K ΔΚα 0 , T,„ ^ 0 A J = e v e n a n d o d d (5 3) ΔΚ„ = 2 : К; = 0 AJ = even and odd. 
Considering the observed number of levels with other symmetry as the pumped level, 
swapping becomes more important. This is conceivable when the і/щ is considered as a 
reservoir for population. 
5.3.3 Propensities 
The Hamiltonian Η which describes the molecular interaction has to be totally symmet­
ric (under those rotations which produce an equivalent orientation for a colliding ethylene 
molecule, C21, Сг
у
, Сг*). This requirement reduces the number of possible interaction terms 
in the Hamiltonian. In principle, each of these terms contains a rotation matrix element, 
D"K(a,/3,7), where the three Euler angles {α,β, η) define the molecular orientation in lab­
oratory space [5]. In the rotation matrix element, к corresponds to the projection К of 
J on the molecular axis; η corresponds to J and ν to M, for a nearly prolate symmetric 
top. in the nearly symmetric top K„; From symmetry considerations follow two require­
ments. First, for purely rotational transitions, both η and к have to be even. Second, for 
^(Biu) - • ^10(62«) transitions which simultaneously (may) change the rotational level, one 
finds η = odd, к = even. 
Note, these restrictions are derived excluding swapping collisions. For C2H4 colliding 
with inert gas atoms, energy swapping cannot occur and the rules derived from the restricted 
Hamiltonian are strict; for СгН^ - C2H4 collisions they represent propensities. 
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If we consider the matrix elements for C2H4 in the symmetric top approximation 
< Ф , ( Л * ' ) | Я | Ф , ( Л * " ) > (5·4) 
where Ф<(/) describes the initial(final) state of the molecule before(after) the collision, 
propensity rules for A3 and ΔΚ can be derived. 
The rotor eigenfunctions of a prolate symmetric top describe the amplitude of finding 
a certain orientation (a,/?,7) through a rotation matrix element (neglecting normalization 
and a phase factor which both are unimportant for what follows) 
*< ~ D£'.V(O,/J,7) 
Ф/ ~ Β£*
χ
, (α,0,7) . (5-5) 
Thus, for every single term of the interaction potential, the matrix element 5.4 contains a 
factor 
< DÇMJDÏ;:«,, > ~ ( l _j;„ ¿; ) ( l _£„ JM, ) . (5.6) 
The first factor on the right is responsible for the propensity rules. 
A) For purely rotational transitions (e.g. within the 1/7 mode) we find 
Г K" = K' = 0, к = 0 J' + J" + η triangular J' + J"even 
η = к = even < К" = 0, ΔΚ φ 0, even J' + J" + η triangular (5.7) 
( Κ" φ 0, ΔΚ = even J' + J" + η triangular 
B) For «»vibrational non-swapping transitions (e.g. v-t —* і/ю) we find 
Г K" = K' = 0, к = 0 J' + J" + η triangular J' + J" odd 
η = odd, к = even < K" = 0, ΔΚ φ 0, even J' + J" + η triangular (5.8) 
( Κ" φ 0, ΔΚ = even J' + J" + π triangular 
C) For swapping collisions, everything goes. 
The condition "triangular" means that J' + J" + η fulfills the triangle relation. 
The derived set of propensity rules are all in perfect agreement with the observations. 
It is also more detailed than the general spin symmetry conservation rules. 
5.4 Discussion: Relaxation processes 
The observation of large collisional V-V' relaxation rates for molecules like SF6 [6], C2H2F2, 
CF3H and CF2HCI [7] ties in with similar results as observed by us for C2H4 [2, 8]. 
Ryabov et al. measured fast relaxation of C-Η stretch vibrations in fréons like CF3H 
and CF2HCI [7]. They measured these rates in a double resonance experiment in a room 
temperature cell with a few Torr of gas pressure with two pulsed lasers, changing the time 
delay between pumping and probing. For the CHF3 and CHF2C1 molecules they found 
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к = 17 ала 33 ^sec.Torr) - 1 respectively; both rates correspond to cross sections larger 
than one gas-kinetic collision. In both molecules, the i/\ (C-Η stretch) is excited near 3030 
c m
- 1
 and relaxation rates are measured for collisional processes in which the population is 
transferred from the excited i^ to other neighbouring vibrational states. Prom these exper­
iments, no information concerning rotational relaxation paths can be extracted, since the 
broad band excitation (Δι/ = 30 cm - 1 ) only provides vibrational resolution. For comparison, 
in CH4 a relaxation 1/3 —» v\ rate of only к = 0.77 (дэес.Тогг)-1 was found. 
For the V-V relaxation in the 1/3 ladder of SFÖ, Alimpiev et ai. [6] observed a relaxation 
rate к = 20 (/isec.Torr)-1. In this experiment, the population of the ni/3 state η = 1-4, is 
monitored after excitation of the fifth overtone. 
The relaxation rates as observed by us are summarized in table 5.3 [8]. Besides some 
Table 5.3 Jet parameters [9] and relaxation rates. The expansion is formed 
for 400 Torr pure С2Я4 through a φ = 0.5 mm nozzle at Τ = 296 К. 
Column 
4
 Ъ
.(МНг), ¡^.(ßsec-Torr')-1, σ3,(Α*) 
5 ъ(МНг), к7 (μεβοΤοΓΓ')-1, σ7(Α2) 
6 η,ι,(ΜΗζ), k,t,faseoTorr·)-1, a,t,(Ä2) 
zs(mm) 
0.55 
0.825 
1.10 
1.375 
1.65 
2.20 
2.75 
3.30 
Trot (К) 
96 
75 
63 
55 
49 
41 
35 
32 
ρ -КГ* 
Torr* 
895 
403 
228 
147 
103 
58 
38 
26 
4 
167 
68 
41 
29 
23 
16 
13 
11 
19 
17 
18 
20 
22 
28 
33 
42 
153 
154 
179 
212 
248 
344 
438 
582 
5 
7.6 
6.7 
5.0 
3.6 
3.1 
5.2 
6.5 
8.7 
9.5 
12 
55 
73 
107 
126 
166 
6 
64 16 145 
34 15 150 
19 18 200 
12 21 255 
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= K , ( - r (5.10) 
relevant jet parameters, three collisional rates are denoted, 
(1) 7e»: the total repopulation rate of the level depleted by the pump laser mainly at the 
cost of the population of other ground state levels with equal symmetry, 
(2) 77: the total depopulation rate of the excited level by the pump laser, by collisions 
leading to other rotational levels within the 1/7 and, mainly, to fio rovibrational levels, 
(3) l,ts the average 'state to state' relaxation rate from the u7 excited state to a single j / 1 0 
level of the same overall symmetry, 
The conversion of a rate 7 in MHz to a rate k, in (¿isec-Torr*)-1, is calculated with 
к = 1 (5.9) 
Ρ 
where ρ is the number density on the jet axis as calculated from 
Po ""'Ό' 
with D = 0.5 mm the the nozzle diameter, г = 1.97(5) and Kp = 0.027, for a 400 Torr pure 
ethylene expansion [9]. 
The relation between the relaxation rate к and the effective cross section is given by 
к = \/2σν«, • lTorr* (5.11) 
Неге, 1 Torr* is used as unit of number density, corresponding to 3.27xl022 molecules/m3. 
The value adopted for the gas kinetic collision cross section for C2H4 is 56.2 Â2 [10] 
The relaxation rates for the depopulation of the v7 level we obtained from a comple-
mentary experiment where relaxation rates were calculated from a fit of the shape of the 
relaxation plot [8]. In the case of overlap of the two laser foci, the coherent properties of 
the two lasers show up in an oscillatory behaviour of the probe laser absorption signal as a 
function of the distance between the laser foci. 
One of the most striking observations from table 5.3 is that the repopulation rate of 
the depleted ground state, fgs, is a factor of four larger than the depopulation rate of the 
excited 1/7 level. To discuss this difference there must be a number of aspects considered. 
1. The rotational relaxation within the vibrational ground state that contributes to the 
repopulation of the depleted level is expected to come mainly from rotational levels 
of equal symmetry and with their energy above the depleted level. 
A similar argument can be used to obtain the number of rotational levels which be-
come populated by collisions in the u7 mode after the excitation of a rovibrational 
state. The number of populated rotational levels in the ground state is limited by 
the rotational temperature in the molecular jet. The observation of rotational energy 
transfer within the 1/7 band (see section 5.2.1) demonstrates clearly that upward and 
downward transitions both are present (8 upward, 3 downward). 
If T ( ron, = Tro( = 70 K, there will be no significant difference in the number of paths 
considering pure rotational energy transfer. 
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2. The probability of collisions which result in the transfer of population to higher rota­
tional levels is smaller than the probability of transfer to lower energy levels [11]. This 
argument favours a faster relaxation rate for the depleted ground state as compared 
to the depopulation of the 17 level. 
3. So far, we mentioned only the rotational relaxation process. A second mechanism of 
relaxation from the excited v7 level is the V-V' exchange leading to the vw vibrational 
state. Considering the number of observed levels in the ι/
ϊ0, this seems to be an 
important or even the main path for relaxation. This additional relaxation pathway 
should enhance 77 with respect to η9,. 
4. The relaxation rates of the 17 depopulation are obtained from a fit of the shape oi 
the double resonance absorption signal as a function of the time delay between pump 
and probe process, the relaxation plot. The overlap of laser foci results in coherent 
transients, perturbed by (incoherent) collisional relaxation. Well defined values of 77 
are obtained. For this fit, the η9, values have been used as determined earlier. 
5. The repopulation relaxation rate j g , is calculated by comparing two steep flanks in a 
relaxation plot. It is inconsistent that this technique results in rates for the tg, largei 
than the 17 depopulation rate 77 although relaxation plots of the directly pumped 1/7 
level are found to be symmetric, i.e. the relaxation is too fast to allow the comparison 
of two steep but different flanks to determine 77. 
From these five points, the general conclusion is that the 77 and η9, values of table 5.Î 
have to be taken with great reserve. We would allow for a factor 5 of uncertainty for theii 
absolute values. 
The average 'state to state' 1/7 —• і/щ relaxation rates 7,t, are determined by comparison 
of steep flanks. The large error of this method shows up in the fact that the averag« 
relaxation rate is found to be larger than the total depopulation rate 77. Note that state-
to-state does not mean, in our context, that necessarily the change of population between 
initial and final level occurs through a single collision. 
The relaxation behaviour of levels as populated by rotational relaxation within the v-, 
mode are found to be indistinguishable from relaxation plots of щ levels with equal sym­
metry as the excited 17 level. The rotational relaxation rate within 1/7 or ι/
ϊ0 is therefore ol 
the same order of magnitude as the 17 —» u\0 relaxation rate. 
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Chapter 6 
Coherence effects 
Abstract 
Optical non-linear phenomena in molecules are produced in the interaction region of strong 
laser fields with molecules. Rapid Adiabatic Passage (RAP) processes are studied for a two 
level system where at large powers a plateau is found for the population distribution in the 
center of the interaction region. A phase jump of 5 perturbs this region and Rabi oscillations 
appear which damp out to an equalized population. -Studies of three level RAP processes 
with two counter-intuitively timed laser pulses so far neglected a frequency chirp due to the 
Doppler effect as seen by molecules travelling through the curved wavefronts of a laser field. 
Calculations including this chirp show the disappearence of the three level RAP process. 
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6.1 Introduction 
Methods which efficiently and selectively populate (highly) excited rovibrational states are 
of great interest e.g. for the study of collision dynamics of vibrationally excited molecules. A 
conventional technique to populate high vibrational states is the excitation of an electronic 
state followed by spontaneous emission leaving the molecule in a high vibrational level of the 
electronic ground state. The main disadvantage of this technique is its non-selectivity; the 
final population is generally distributed over many levels, depending on the Frank-Condon 
factors governing the emission. Instead of just waiting for spontaneous emission to occur, a 
second laser can be used after the initial electronic excitation to obtain stimulated emission 
to a single vibrational level of the electronic ground state (Stimulated Emission Pumping). 
Although state specificity is considerably enhanced this way, spontaneous emission can never 
be completely avoided and the population of the final state is at maximum 25% of the initial 
population. 
Rapid Adiabatic Passage (RAP) processes permits to conceive less-conventional tech­
niques which are both state selective and highly efficient in population transfer. Before 
going into the details of these RAP processes, we first describe the more conventional π-
pulse technique which, in principle, may compete with respect to transfer efficiency. 
A monochromatic laser field interacting with a two level system induces an oscillating 
behaviour of the probability to find a molecule in the upper or lower level (Rabi oscillations) 
(fig. 6.1a). The final population distribution of the molecules sharply depends on duration 
w. 
Η 
w, 
л 
to, 
00 
Figure 6.1 a) A two JeveJ system with transition frequency U)Q; the laser frequency 
is ω
α
, not necessarily resonant with ωο. b The time evolution of the population of level 
2 (described by p-η) shows oscillation with the Rabi frequency. The rectangular pulse 
starts at t = 0 and ends at t = т. 
of the interaction. If the time-integral of the Rabi frequency, the so-called pulse area Ф12, 
has the value π (or any odd-integer multiple of π) all population is transferred to the 
initially empty second level. This looks like a nice method of complete population transfer; 
in practice, however, there are a number of impediments. First, an exact π-pulse, Φ12 = ir, 
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is difficult to obtain. The non-uniformity of the laser intensity over a laser beam cross 
section causes molecules to experience different Φ12-values. This spread of Φ12-values impairs 
the total transfer efficiency. Secondly, the definition of pulse area also implies a velocity 
dependence for a molecule passing through the laser field. Molecules with different velocities 
will never all experience an exact π-pulse. As a third difficulty can be mentioned that the 
M-degeneracy of molecular energy levels results in different transition strengths for every 
M-sublevel leading to different Rabi frequencies. The superposition of the different Rabi 
frequencies again produces a spread of Фіг-values. All three effects may result, in the 
extreme case, in a 50%/50% population of both levels, i.e. nothing is gained with respect 
to complete saturation of the transition. 
Considering three (or more)-level systems with non- equidistant energy levels, the obvi­
ous method of population transfer to a third (or higher) level may seem to be a sequence of 
π-pulses obtained from two (от more) laser field interactions with a molecule. This scheme 
suffers from the weak points of the two level case, in an even more detrimental way; the 
final population is equally distributed over all levels involved. 
So far, we did not take spontaneous emission and collisional relaxation into account, both 
processes that also may disturb population transfer. The effect of spontaneous emission can 
be neglected if we are experimentally interested in infrared transitions. The spontaneous 
emission lifetime т,
р
 is e.g. about 4 ms for infrared transitions around 1000 c m - 1 with 
a transition dipole moment of 0.056 Debye. The interaction time and the time between 
excitation and detection ( by a bolometer in case of a molecular beam) is about 0.5 /xsec and 
250 psec, respectively. Collisions, however, may disturb the population transfer, depending 
on the experimental conditions (molecular beam or jet) [1]. 
In the following sections we will discuss the influence of the laser power, beam shape 
and phase fluctuations parameters on two non-conventional methods of population transfer. 
In section 6.2 we discuss a two level system interacting with laser radiation possessing a 
frequency chirp. Experimentally, this may be the caused by curved wavefronts of a di- or 
convergent laser beam as a molecule passes through the radiation field near to the laserfocus. 
The resulting frequency chirp e.g. for a Gaussian shape of the radiation field as experienced 
by the molecule forms the condition to observe RAP processes in which the molecules are 
adiabatically and completely transferred [2, 3]. 
In section 6.3, a method is described which results in a complete population transfer in a 
three level system. It is based on a counter-intuitive sequence of laser pulses; for Ei < E 2 <E 3 
the molecules first interact with the laser which couples levels 2 and 3, followed by the laser 
which couples levels 1 and 2 with a certain overlap in laser fields, a method proposed by 
Oreg et al. [4] and first realized and later thoroughly investigated by the group of Bergmann 
[5]. This RAP technique is not based on a frequency chirp; actually, a chirp of frequency 
perturbs this scheme such that RAP effects become suppressed, as is demonstrated in section 
6.3 
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6.2 Two Level systems 
The main advantages of RAP are that it is relatively insensitive to both pulse area and 
precise tuning of the laser frequency. A chirp in frequency can be obtained from the Doppler 
shift as seen by a molecule in a molecular beam passing curved wavefronts near the focus 
of the (e.g. Gaussian) laser beam profile [6]. 
Numerical calculations based on the density matrix formalism are used to examine the 
RAP process for different laser powers (section 6.2.1). 
6.2.1 Two level calculations 
A two level system interacting with one radiation field is discussed here. In an real experi­
ment a system experiences not only the (coherent) interaction with radiation but it is also 
subject to (incoherent) processes caused by collisions, spontaneous emission or laser imper­
fections; all affect the level populations. To a certain extent one can control the incoherent 
effects by choosing an experimental system like a molecular beam in which no collisions 
occur. In combination with infrared transitions, which imply a long spontaneous emission 
lifetime, a pure two level system with a high quality laser field represents an ideal situation. 
Calculations of the population distribution in a set of molecules are often performed 
with rate equations. These describe the absorption of radiation and the stimulated and 
spontaneous emission in terms of Einstein coefficients. In an environment where a coherent 
response is important for the description of the system, the use of rate equations is not 
suitable any more, because amplitude and phase of the radiation field and molecular system 
are of influence. 
The use of the density matrix formalism allows coherence to be taken into account 
together with non-coherent processes. The diagonal elements of the density matrix operator 
ρ yield the level populations and its non-diagonal elements describe phase relations. The 
resulting optical Bloch equations are of the form [7] 
'P = -\{t{p-?4) + {p-pe<)t)-\[ñ,Pl (6.1) 
where Γ the decay operator. The Hamiltonian Η is written as the sum of the non-perturbed 
Hamiltonian Ho and a dipole interaction term 
Й = H 0 + /Z12-É0 cosici. (6.2) 
The latter arises from a laser field with electric field amplitude Ea and angular frequency 
ω
α
. The electric dipole moment of the transition 1—+2 is denoted by μι2. 
Equation (6.1) can be written for the individual matrix elements of density operator p. 
For that, each element is sandwiched between Іе еіэ 1 and 2 [8] 
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with 
2 
Pu = -7i(Pu - Pn) - 2 Ω ι ( # 2 - Ріг) 
P22 = -7г(Р22 - Ри) + 2 Ω ι ( # 2 - Ріг) 
Рі2 = -7іг(рі2 - Pu) ~ і^иРп + ^іІРп - Р22) (6.3) 
Г,; = 7.5,, 
Δ 1 2 = ωα - ωό 
P12 = Pi2exp[-îA12t] 
Ωχ =
 l
 the Rabi frequency. 
The rotating wave approximation has been applied in the derivation of equation 6.4 which 
implies a neglect of fast oscillating terms βχρ[ι(ωο + ω
α
)ί] as compared to slow terms propor­
tional to εχρ[ζ(ωο— ω
β
)<]. The population decay is described by a sum of an inelastic collision 
rate 7, which changes the population and a dephasing collision rate 7, ph which perturbs 
the phase of the wavefunction of level i and leaves the population unchanged. The angular 
laser frequency is assumed not far from the resonance angular frequency ωο = (W2 — Wi)/ft 
(fig. 6.1a). We assume a sudden switching on (at t = 0) and off for an electric field with a 
constant value. 
The equations can be solved analytically with рц = 1 at t < 0 and assuming no collisions 
i.e. 7. = 7,ώρΛ = 0 [8, 9] 
"
22 =
 A!^ ' s i n 2 { [ A Í 2 + n í l l / 2 ' ¿ } (6-4) 
with pn + P22 = 1. From equation 6.5 can be seen that the total population oscillates 
between level 1 and 2 with a period Τ = 2π/Ω
χ
 under the action of a resonant laser field. 
So far, we assumed a constant electric field. The Gaussian intensity profile of a laser 
beam introduces a position dependent electric field amplitude. For a molecule travelling 
with velocity ν through such a laser beam, this position dependence is transferred to a time 
dependence of the electric field and, therefore, of Rabi frequency. 
The Gaussian envelop allows only a numerical solution of eq 6.4. Simulating a molecular 
beam experiment, all decay parameters are initially set to zero. The focus of the laser is 
Gaussian in shape and is assumed from here on to be at t = 0. The maximum electric field 
amplitude E follows from the available laser power Ρ as 
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with δ the FWHM of the laser intensity The calculation of the population starts at a time 
t<0 when the laser power is negligible. The step-size of the time in the numerical integration 
is established by a calculation of the maximum Rabi frequency at the center of the laser 
pulse. Its corresponding period is divided in 400 steps and this is used as minimum step-
size. The step-size is typically about 10~10 s for a laser power of 1 W focussed to δ = 500 
μπι spot size. Tests have beenmcarried out to check the accuracy of the calculations by 
changing the step-size. Wavefront curvature results in a linear frequency sweep, (dw/dt), 
due to the Doppler effect. Assuming w
a
 = ω0 on the laser beam axis (at t = 0), the time 
dependent detuning is given by (dw/dt)t. The relevant parameters for the calculations are 
summarized in table 6.1. 
Table 6.1 Laser parameters in two level calculations. The sweep rate is 
defined as the frequency chirp over the FWHM of the laser intensity. 
P, laser power 
Sweep rate 
δ, FWHM of laser intensity 
Flow velocity 
ßu 
1.0 Watt 
40 MHz/psec 
500 μτη 
1000 m/s 
0.056 Debye 
6.2.2 Results and discussion for two level systems 
Figure 6.2a shows the population of level 2 (initially empty) as a function of time t during the 
interaction. Whereas in the absence of a frequency chirp Rabi oscillations in the population 
distribution appear, the chirp produces an adiabatic transfer of population to the upper 
state, without any oscillatory behaviour. The effect of a varying laser power is shown in 
figure 6.2b. For low laser power, Ρ < 50 mW, a non-complete RAP process occurs. One of 
the conditions to fulfill to obtain a RAP process is [2] 
tì<nj fort = 0. (6.6) 
at 
With a frequency chirp of 20/2π MHz and an interaction time of 0.5 ^s, eqs. 6.6 and 6.7 
yield a lower limit for the laser power of about 50 mW, in good agreement with 6.2b. 
In contrast to experimental findings [3], we have found no evidence for the breakdown 
of the RAP process even for the highest laser power used in the calculations (200W, cor­
responding to a fluence of 13 mJ/cm2 and a maximum Rabi frequency QR = 1.3/2π GHz 
which gives Φ12 is of order 100; 6 times more than available in the experiment [3]. This 
discrepancy will be explained below. It should be noted that an insufficient chirp of the 
frequency yields incomplete RAP processes within the same power region, 50mW - 200W. 
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Figure 6.2 a) Time dependence of the population for a two level system interacting 
with a Gaussian Jaser pulse (dashed curve). Without frequency chirp, Rabi oscillations 
are found (thin curve), while with a frequency chirp, of |§ MHz a AAP process is ob­
served (fat curve), (b) Time dependence for different laser powers including a frequency 
chirp. 
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Increasing the laser power gives rise to a plateau for the population distribution around 
t = 0, starting with a value slightly below 50% to slightly above 50% for the population of 
level 2 over a time interval lengthening with increasing laser power, see fig. 6.2 
The existence of this plateau which was first pointed out to us by Reich [10] can be 
explained within the vector model. In this model a Bloch pseudo-spin vector R is defined 
consisting of combinations of density matrix elements [11]. The equation of motion of 
the Bloch vector describes a precession of this vector around a pseudo-torque vector F the 
components of which consist of the detuning and the electric field of the laser. This model 
is thoroughly discussed in literature [2, 11, 12]. 
The equation of motion of the vector R, with 
is given by 
R = {Pl2 + P21, -(Pl2 - P2l), P22 ~ Pll) (6.7) 
I 
| R = F X R (6.8) 
dt v ' 
where F is a fictious torque given by 
F = (-2Ωι cosier, 0,ω0) (6.9) 
which describes the interaction of the laser field with the molecule. As initial condition 
we have R = (0,0,-1) i.e only the lower level is populated. For small values of the Rabi 
frequency Ωι, eq. 6.9 describes a precession of the R-vector with angular frequency o>o 
around the i axis, see figure 6.3 I. 
Next, a transformation is made to a rotating axis system with angular frequency ω
α 
around the ζ axis. In the rotating wave approximation the counter-rotating part of the F
x 
component is neglected, resulting in 
í -R = F x R (6.10) 
dt 
with 
F = (-Ωχ,Ο,ωο-ω.). (6.11) 
Normalization of the F -vector, F = F / | F | yields 
F' = ( - - , " ' ,0, , ω°~ωα )• (6.12) 
Solving equation 6.12 is trivial if F varies so slowly in time that dF /dt is negligible. The 
solution shows the R-vector to follow the motion of the F -vector. 
If F || R a t t = -co (that is |Δι 2 | "> Ωι), and the detuning is slowly swept through 
resonance such as to turn F over 180°, R, in following F , will also be rotated over 180°, 
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I II III 
Figure 6.3 RAP process in the vector model description. I: The initial situation at 
t = —oo with the fictious torque vector F oriented along the z-axis (heavy arrow); the 
R vector describes a precession around the force vector (shaded areas). A slow change 
of F via position b (II) to the fìnal position с (III) at t = oo is followed by the R vector. 
(fig.6.3) III), resulting in (P22 —Pn)t—» = +1- Thus, complete population transfer has been 
achieved. 
The plateau in the population distribution is situated around t = 0 where Ωι » |ωο— ω„|· 
If the power increases, the F'-vector will remain longer in a position close to (—1,0,0) and 
so does the R-vector. This phenomenon can be described as a region where the molecule is 
in a coherent mixture with a well defined phase. The lifetime of this plateau for the highest 
calculated power is almost equal to the FWHM of the laser intensity. 
The well defined phase relation between upper and lower level in the plateau area can be 
perturbed by phase changing effects like phase fluctuations in the radiation field or dephasing 
collisions. To simulate the effect of a phase perturbation, a phase factor φ is introduced in 
eq. 6.3 as cos(w0t + φ). At t = 0, a phase jump of φ = | is assumed to take place. Figure 
6.4 shows that the coherence is heavily perturbed resulting in fast Rabi oscillations. 
In the vector model, the phase change at t = 0 causes the fictious torque to jump by 
90°, see figure 6.5. The R-vector then precesses in the xz-plane around the rotated torque 
vector. For t > 0, the plane of precession follows the evolution of the torque vector and 
ending up in the xy- plane. This situation corresponds to an population equalization over 
the two levels. 
For lower power, the final stage is not an equal population but a distribution closer to 
the ideal RAP process. The time region around t = 0 with an almost 50%/50% distribution 
is smaller for lower powers. Therefore, a phase jump becomes less effective. Especially 
this power dependence could be an explanation of the experimentally observed loss of RAP 
for higher laser powers [3]. If the coherence time of the laser is less than 0.5 μβ which 
corresponds to a coherence length of 150 m, phase jumps are likely to occur during the 
interaction time of a single molecule passing through the laser beam. 
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Figure β.4 The effect of a phase jump in the electric field for Ρ = 25 W. The 
normally smooth RAP process (heavy curve) is perturbed at t = 0 by a | phase jump. 
This causes fast Rabi oscillations which damp out and lead to an equalized population 
after the interaction region. 
The effect of dephasing collisions is examined by the introduction of a dephasing rate 
7i2. The calculated results for different dephasing rates and with the other parameters as 
in table 6.1 are shown in figure 6.6. The maximum Rabi frequency is |£ MHz. A dephasing 
rate of ^ MHz is already sufficient to obtain a decline of the final population in level two to 
70% as compared to the 100% population without dephasing collisions. Larger dephasing 
rates result in an equal population of both states after the interaction region. This final 
state seems to be equivalent to the situation in the plateau region; the important difference 
is that when dephasing collisions are present, the final phase is arbitrary. In fact, the 
final situation corresponds to the one as obtained when using rate equations instead of the 
density matrix formalism; the coherent aspects of the interaction are here destroyed by the 
incoherent dephasing collisions. 
In a molecular beam experiment, dephasing collision rates are zero in good approxi­
mation. In a molecular jet experiment, where collisions do take place, dephasing rates of 
the order of several MHz have been found [1]. The effect of dephasing collisions becomes 
more pronounced for larger laser powers. The specific power dependence opens a possibility 
to measure dephasing collisions in a jet. Besides dephasing collisions, evidently inelastic 
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I II 
III IV 
Figure 6.5 I: The torque vector rotates from the initial position a at t = -oo to 
b at t = 0, the R-vector adiabatically follows the torque vector. II: A phase jump of 
ξ ш the radiation field brings the torque vector in position c. III: With the torque 
vector perpendicular to the R-vector, the Й-vector precesses in the xz-plane (Rabi 
oscillations). IV: The torque vector follows its path to position d; the precession 
around the f-vector ends in the xy-plane. 
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Figure 6.6 Time dependence oftbe population of level 2 as a function of a dephasing 
collision rate 712. 
collisions occur in a jet resulting in a population reshuffling. 
The effect of an M-degeneracy of the two level system yields differences in the transition 
strength. Each M-sublevel will be pumped by the laser with its own rate. This results in 
a variety of Rabi frequencies (eq. 6.4); the consequences for a RAP process have already 
been dealt with in figure 6.2b where a change in laser power does not affect the occurence 
of RAP processes. Therefore, an M-degeneracy will not destroy the RAP process. 
Considering the power dependence of a two level RAP process, we conclude that this 
method of efficient population transfer compares favourably with the π-pulse technique. 
6.3 Three Level Systems 
Wheras the two level RAP process relies on the application of a frequency chirp, the three 
level RAP process utilizes the dynamic Stark effect. The experimental procedure consists of 
a counter-intuitive sequence of laser pulses; the molecules first interact with the laser which 
couples levels 2 and 3 and only afterwards, but with a certain overlap in time with the laser 
which couples levels 1 and 2 (fig.6.7a). 
In the group of Bergmann, a number of experiments have been performed using this 
counter-intuitive sequence in STIRAP (Stimulated Raman Adiabatic Passage) experiments; 
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a Stokes pulse couples the unpopulated levels 2 and 3 followed by a pump pulse coupling 
the initial level 1 and 2 in а Λ configuration (fig.6.7b) [13]. 
Stokes Pump 
Pump 
ll> 
Time 
(a) (b) 
Figure 6.7 Two spatially overlapping laser beams in a counter-intuitive manner 
result in a RAP process for a three level system. 
Coherent transients in a three level system have been studied and applied to obtain 
relaxation rates in the experiment of Dam et ai. [1]. We will briefly describe this experi­
ment in section 6.3.1. The application of this experimental technique on a molecular beam 
motivated the present calculations (section 6.3.2) the results of which are shown in section 
6.3.3 and explained in the Dressed State Picture (section 6.3.4) 
6.3.1 Three level system experiment 
The double resonance experiment of Dam et ai. [1], in principle uses the conventional 
method to populate a rovibrational state with a pump laser and to probe either the directly 
excited population or the collision-induced population in other (vibrational) states by a 
second laser [14]. It is performed in a molecular jet as drawn schematically in figure 6.8 by 
expanding pure ethylene or a 10% C2H4 in He mixture through a circular 0.5 mm diameter 
nozzle. It is crossed perpendicularly by a C 0 2 waveguide laser and a Color Center Laser 
(CCL), both lasers sharply focussed (FWHM of several μτη) on the jet axis propagating per­
pendicularly as with respect to each other. The excitation point of the CO2 laser below the 
nozzle zE(xcitationi (distance of the order of mm) determines the experimental conditions 
as local rotational temperature, velocity and density. The CCL is used to probe the directly 
excited state. The difference in position between the C 0 2 laser beam and the CCL beam, 
Δζ (order of tenths of μπι and more), determines the time of flight of molecules between 
pumping with the C 0 2 laser and "probing" with the CCL. Collisions between molecules in 
the jet spread out the population from the initial excited state over other levels. Relaxation 
processes also affect the population of the lower level which is depopulated by the C 0 2 
waveguide laser. 
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from 
CCL 
CCL 
CO 2 laser 
Figure 6.8 Experimental setup of molecular jet experiment. The CO2 laser is point­
ing into the paper. The distances to the nozzle aie denoted as ZE and zp for the point 
of excitation and point of probing respectively. The distance between the laser beams 
is Δζ. At the right, the appropriate 3-level scheme is indicated 
The experimental results are presented in relaxation plots in which the CCL absorption 
is plotted as a function of Δζ. Relaxation plots for transitions starting from the directly 
excited level (fig. 6.8) show a double peak structure appearing for higher C 0 2 laser powers 
(P> 2 W). One peak appears at a position Δζ>0, the conventional position with the normal 
pump-probe sequence; the other peak at a position Δζ<0 with the two lasers in a counter­
intuitive sequence. At maximum overlap (Δζ = 0) of the foci, a minimum in CCL absorption 
is found. A simulation of the upper level population (proportional to CCL absorption) by 
numerical integration of the optical Bloch equations allowed fitting of the relaxation plots 
and the determination of the relaxation rates involved. A description of the counter-intuitive 
maximum in the relaxation plot is provided in a dressed state picture [1]. Relaxation plots 
as a function of Z£ show the double peak structure to become more pronounced for larger 
ZE, that is in a local environment of lower density and therefore slower relaxation processes. 
This last behaviour suggests that measurements as described above should give an even 
clearer picture of the coherent processes when carried out in a collision free environment 
like a molecular beam. 
The introduction of a molecular beam requires a careful discussion of the influence of 
curved wavefronts for the radiation of the C 0 2 waveguide laser beam. As described in 
section 6.2, the curved wavefronts of a laser beam near its focus may result in RAP effects 
between the first two states. 
In the next section we will calculate the upper (third) level population as a function of 
the distance between pump and probe foci including a frequency sweep as seen by molecules 
passing through the curved wavefronts near the focus of the pump laser. 
Coherence effects 97 
6.3.2 Calculations of the three level system 
The calculations for three level schemes are based on a set of coupled differential equations 
which describe the time development of the populations of the levels involved. The equations 
are an extension of eq. 6.1, applied to a three level cascade system with two radiation fields 
and yield 
Pu = -7i(pu - Pu) - 2 Ω ι ( # 2 - Ρ«) 
i i 
¿22 = -7г(Р22 - fill) + 2 Ω ι ^ 2 ~ ^ 1 2) ~ 2 ° 2 ^ з ~ Р2з) 
Рзз = ~7з(Рзз - Рэз) + ^ІІРТІ ~ Ргз) 
Ζ 
Рп = -7u(Pi2 - Pil) - iAnßu + ñ[&i(Pu - Pn) + Ω2Ρ13] 
Різ = ~7із(Різ - Різ) - гДізРіз + ^гР\г - ^іРгз] 
Ргз = -72з(Ргз - Ргз) - ¿АгзРгз + п№г(Рп ~ Рэз) - ^іРіз] (6.13] 
with 
7., = \ы^ъ) + \ь^ + ^ рК) 
PH = Рз'з = fi = о i Φ j 
An = (Ei - Еа)/Л + ωι 
Δ 2 3 = (Ε2 - E3)/ft + ω2 
Δΐ3 = (Ει - Ε3)/Λ + ωι+ω2 
P]k = Pjfcexp[-iÄjfct]. 
With this set of equations we can simulate the population distribution in a moleculai 
beam passing two spatially separated Gaussian laser beams. Experimentally, the absorption 
of the probe laser (coupling levels 2 and 3) is measured. Since the population of the third 
energy level, рзз, is directly proportional to this absorption, we will present our results ir 
terms of рзз. When molecules pass through the laser beam away from the focus, they see г 
linearly swept laser frequency, as explained above. In this case, the detunings А^ Ьесопм 
time-dependent. 
The parameters as used lasers and molecular transition strengths in the calculations are 
tabulated in table 6.2. The results presented below are restricted to calculations where tht 
effect of a possible M-dejreneracy is neglected. 
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Table 6.2 Laser parameters in three level calculations 
Pump laser power 
Probe laser power 
Laser sweep 1 
Laser sweep 2 
ii , FWHM of pump laser intensity 
¿2, FWHM of probe laser intensity 
Flow velocity 
Ml2 
M23 
Ъ 
1 
300 
0 - 20/2π 
0 
500 
500 
1000 
0.056 
0.023 
0 
Watt 
mWatt 
MHz 
MHz 
μιη 
μπι 
m/s 
Debye 
Debye 
MHz 
6.3.3 Results for a three level system 
Figure 6.9a shows the calculated double resonance signal as a function of Δζ = zp - zE the 
distance between the laser foci. Both laser frequencies have been kept fixed. If we divide 
the plot in three regions, (1) Δζ >0, (2) Δζ = 0 and (3) Δζ <0, we observe the following 
features: 
(1) For Δζ >0 we find an oscillating behaviour as a result of Rabi oscillations in the pop­
ulations of levels 1 and 2. The final population of the third level depends strongly on the 
transient population of level 2 during the maximum action of the probe laser. 
(2) At perfect overlap of the two foci, Δζ = 0, the population in the third level goes to 
nearly zero as a consequence of the ас-Stark effect induced by the strong pump laser. This 
ас-Stark effect detunes the second transition while the probe laser is exactly on resonance 
with the non-perturbed transition no or little population can be transferred to the third 
level. 
(3) For the population maximum at Δζ <0, a three level RAP process occurs in which 
population from the lower level is transferred directly to the upper one almost without pop­
ulating the intermediate level. Figure 6.9b shows the time dependences of the population of 
all three levels at Δζ = -0.6 mm. It is clearly visible that we deal with a RAP process; the 
complete population of level 1 is transferred to level 3 without ever significantly populating 
level 2 (the maximum amounts to less than 10% of transient population, near t = 0). 
If we include a chirp of |£MHz l the relaxation plot changes dramatically. This is seen 
by comparing figure 6.9a (no chirp) with figure 6.9c. The counter-intuitive RAP maximum 
has disappeared completely; this is also found in the time dependence for Δζ = —0.6 mm 
(fig. 6.9d). At this point, the population transfer is dominated by the RAP process between 
levels 1 and 2 as a result of the frequency chirp. 
The used chirp of ¡jjMHz provides in a complete RAP process between levels 1 and 2. 
'The value of the sweep is choosen such as to be sufficient for a RAP process between the first and 
second level without second laser field (see section 6.2). 
Coherence effects 99 
100 
# 
ID 
> 
ω 
я 
α. 
о 
α. 
-os o 05 
Az (mm) 
8 0 -
6 0 -
4 0 -
2 0 -
m 
L 
i z=-0 6 
В 
•2 5 - 2 - 1 5 - 1 43 5 0 0 5 1 1 5 2 2 5 
Time (дэес) 
τ * 
-0 5 0 0 5 1 
Δ ζ ( m m ) 
βο-
6 0 -
4 0 -
2 0 -
• ƒ Λζ=-0 6 
';/ D 
-2 5 - 2 - 1 5 - 1 О 5 0 0 5 1 1 5 2 2 5 
Time (/¿sec) 
Figure β.9 A: Population of level 3, рзз, as function of the position Δζ of the probe 
laser with respect to the pump laser. The situation where Δζ < 0 corresponds to a 
counter-intuitive sequence (probe-pump); Δζ > 0 corresponds to the conventional the 
pump-probe order. B: Time dependence at the counter-intuitive maximum. The heavy 
curve is the population of level 3; the other thin solid lines are the populations of level 
1 and 2. The dashed and dotted curves are the Gaussian Jaser pulses of the pump and 
probe laser respectively. C: As in A, but now including а Щ MHz frequency sweep of 
Δΐ2· D: As in B, but now including a | £ MHz frequency sweep of Δ12. The population 
of level three is hardly visible (less than 1%); the RAP process between levels 1 and 2 
dominates. 
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The effect of a smaller chirp value is shown in figure 6.10. The value where the counter 
_з_ 
2T 
intuitive RAP peak value decays to half the value without chirp is found to be ¿ MHz for 
P, = 0.3 W. 
Figure β.10 Population of level 3 for different Δζ < 0, as /unction of the chirp 
value. The chirp is denoted in Δω. 
6.3.4 Dressed State Picture 
The calculations using the density matrix formalism yield a quantitative picture of the time 
evolution of population of and coherences between energy levels. A qualitative but physically 
more appealing view can be derived from the dressed state picture. In this picture, molecule 
and radiation field are no longer separated but treated together. The nearly degenerate, 
"dressed" eigenstates are written in terms of the number of photons N(M) from laser 1(2) 
and the internal state of the molecule, |1,2,3), 
\I) = \\)\N + l)\M + l) 
\II) = |2)|JV)|M + 1) (6.14) 
\III) = |3>|tf)|M). 
The Hamiltonian describing the interaction of laser 1(2) between states 1 and 2 (2 and 
3) is constructed analogous to the Hamiltonian of a two level system [8], 
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H dressed — 
/ Ε; ξΩχ 0 \ 
2^і E¡¡ ¿Ωΐ 
V О | Ω 2 Em ) 
(6.15) 
in which Ωκ2) denotes the Rabi frequency defined in eq. 6.4 of laser field 1(2). E, indicates 
the unperturbed energies of the dressed states |/, II, III). Note that, when the two lasers are 
on resonance with their respective transitions, the dressed states are completely degenerate 
if off-diagonal elements are neglected. 
The eigenstates can be found by diagonalization of the dressed Hamiltonian. Assum­
ing a detuning Δι 2 of laser 1, the pump laser, the diagonal elements of (6.16) become 
{Ε,Ε-Δΐ2,Ε-Δι 2}. The eigenvalues λ, are the solutions of the cubic equation, 
А
3
 + Ь2Л
2
 + ЬіЛ + Ъ0 = 0, (6.16) 
with 
b 2 = 2Δ 1 2 
bi = Δ 2 2 - φ
2 ( Ω 2 + Ω2) 
b0 = - Δ 1 2 φ
2
Ω
2
. 
Although (6.17) can be solved analytically, the solutions are so complicated that little 
physical insight is provided. Therefore, as we are interested in a situation with the first 
laser on resonance i.e Δι 2 = 0 (case A) and in the effect of a frequency chirp of laser 1 
on the population of level 3 (case B), we will first describe the direct consequences of a 
resonant system and after that the effect of a frequency chirp by plotting the contributions 
of different eigenstates to the final state 
with \j) = \I), \II), \III) as a function of time. 
Case A 
Equation 6.17 is easily soled for Δ 1 2 = 0, yielding the eigenstates and -energies of the coupled 
system, 
| Φ . ) = -iV2%\I) + lV2\II)-lV2%\III), Ε . = Ε - | Ω 
l*o> = -%\1) + %\Ш), Eo = E (6.17) 
|Ф+) = $ 2%\І) + І 2\ІІ) + \ 2%\Ш), E + = Ε + * Ω 
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where Ω = yiî[ + £l\. With this set of solutions, and specially with the equation for |Φ 0 ), 
we can understand the behaviour of the population of level 3 with the two laser foci in a 
counter-intuitive sequence [1]. For t = —oo only |Φο) is found in a single dressed state (|/)) 
whereas |Φ_) and |Φ + ) are linear combinations of dressed states. In general, the eigenstate |Φ0) is written as a linear combination of the dressed states |/, III), 
|Φο) = сцЮ+озІШ). (6.18) 
Figure 6.11a shows the calculated values of a, as a function of the time t assuming two 
delayed Gaussian pulses in counter-intuitive order. A molecule starting at t = —oo and 
passing through the two laserfoci sees the coupling with the second laser first. For t<S0, 
αϊ = - 1 so |Φ0(ί = -oo)) = -\I). 
Ι ­
Α o-
• time 
-time 
Z' 
-1 
-time 
Figure 6.11 Values of a, as function of time. The Gaussian pulses are in counter­
intuitive order. A Resonant three level system. В Three level system in combination 
with a freauency chirD in the interaction between levels 1 and 2 
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Closer to t = 0 when the interaction with laser 1 becomes important the values of αϊ 
and аз change ending in a state for t » 0 with a3 = 1 and αι=0, so |Φ0(ί = cc)) = \Ш). 
The eigenstate |Ф0) has thus transformed smoothly from \I) into \III) while the molecule 
pass through the counter-intuitively ordered laser foci. With state |/) related to the initial 
population in level 1 and \III) related to level 3, the |Фо) eigenstate describes the RAP 
process for two counter-intuitive pulses. Note that state |//) is involved in this process but 
that no population is transferred to this intermediate level. 
Case В 
The effect of a frequency chirp can be introduced in the dressed state picture by a time 
dependent detuning Δ 1 2 . This yields complicated analytical solutions of the eigenvalue 
equation 6.17. The three eigenvalues are not given in view of their complex expression. 
A calculation of the a, coefficients for each eigenstate at t = -co yields again for one 
eigenstate, |Ψο). a.i = 1. Following this eigenstate in time we observe (fig.6.11b) that the 
character of |Φ0) changes from \I) at t = - c o to — \II) at t = oo. Dressed state \III) is 
mixed in slightly only for a short time. No coupling is found with level 3 i.e. no population is 
finally transferred to level 3. This demostrates the disappearance of the RAP process. The 
observed change of character of |Φ0) is exactly what is obtained for a two level RAP process 
by a chirp in frequency. For t = -co, the molecule is in state \I). It virtually remains in 
this state while passing through the probe laser, and only in the interaction region of the 
pump laser the eigenstate |Φ) becomes a mixture of states |/) and \II). The final situation 
is |Φ> = \II). 
6.3.5 Power dependence of the three level RAP process 
One of the main features of a RAP process is its relative insensitivity to a change of laser 
power or, actually, Rabi frequency. Figure 6.12 shows the effect of the change in pump laser 
power in case of a resonant 3- level system. Other parameters are as in table 6.2, except 
that now Ρ = 5 mW is taken for the probe laser. This value is chosen to clarify the power 
dependence for Δζ > 0. As a consequence of this low power, no complete RAP process is 
obtained for Δζ < 0, however, the RAP properties are still visible; larger probe laser powers 
yields a 100% population. 
The final population at Δζ » 0 is oscillating proportional to the Rabi frequency ol 
the pump laser. The RAP maximum for Δζ < 0 is almost power independent, one of the 
advantages of a RAP proces as compared to more common π pulse techniques. 
The experimental setup consists of a relatively high power CO2 waveguide laser and a 
low power Color Center Laser (CCL). In our calculations we used a typical power of 30C 
mW for the probe laser i.e. for the CCL. This cannot be realized experimentally in a single 
crossing. However, Perry et a.1. experimentally found a 60-fold enhancement of the lasei 
intensity in an external build-up cavity [15]. 
Without this build-up cavity we have considered the consequences of the lower prob« 
laser power (typically 5 mW) on the RAP processes. The main features of a plot with the 
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Figure β.12 Power dependence of the population in level 3. For Δζ < 0, the RAP 
maximum is only changing smoothly while for Az > 0 fast oscillations appear. 
population of level three as a function of distance between the laser foci are still valid. The 
application of a CCL and a CO2 waveguide laser on a molecular beam to observe the RAP 
phenomena is valuable, however, careful alignment of the CO2 laser focus is needed. 
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Samenvatting 
De experimentele resultaten in dit proefschrift zijn verkregen met twee verschillende meet-
technieken. Hierbij is gebruik gemaakt van twee lasers, een CO2 waveguide laser en een 
Color Center laser (CCL). Beide lasers genereren infra-rood straling van verschillende fre-
quentie en worden gebruikt om moleculen vibrationeel en rotationeel aan te slaan. De CO2 
laser exciteert het molecuul vanuit zijn vibrationele rusttoestand naar een toestand waarbij 
een vibratie en een rotatie in het molecuul wordt geactiveerd. De tweede laser, de CCL, 
kan het molecuul verder exciteren mits de juiste frequentie wordt aangenomen. Als dit 
mogelijk is is er sprake van een dubbele resonantie. Het bepalen van de frequenties waarbij 
dit gebeurt is de dubbele resonantie techniek. Naast het verder exciteren kan deze techniek 
ook informatie verschaffen over welke toestand ontvolkt is. 
Er zijn meerdere meettechnieken mogelijk om deze spectroscopie uit te voeren. Allereerst 
kunnen we de moleculen detecteren door het gas dat ze vormen te laten expanderen door 
een klein gaatje in een vacuum ruimte en het vervolgens te laten vallen op een warmte 
gevoelig element (bolometer). Als we een van de lasers nu periodiek onderbreken kunnen 
we dit als een verschil in energie inhoud zeer gevoelig meten. Deze hoge resolutie techniek 
(de moleculaire bundel spectroscopie) staat in hoofdstuk 3 beschreven. 
Een nadeel van deze techniek is de optredende expansie koeling die het aantal bezette 
rotationale niveau's beperkt. Wil men een betere kennis verkrijgen van de moleculaire 
structuur dan dient ook de eerste laser verschillende rotaties te exciteren. Dit aantal is 
beperkt door de rotationele koeling in de expansie van de moleculaire bundel. 
De tweede meetmethode (Hoofdstuk 4) maakt gebruik van een (lange) cel gevuld met 
het te onderzoeken gas. Hierin lopen beide laser bundels tegengesteld over elkaar heen. 
Een molecuul dat door de eerste laser "exact" op resonantie wordt geexciteerd bezit alleen 
een snelheid die loodrecht op de laser bundel richting staat. De tweede laser kan nu dit 
molecuul Doppler vrij meten. Deze meetmethode heeft als voordeel dat nu ook rotaties 
vanuit de vibrationele grond toestand worden aangeslagen die bij de moleculaire bundel niet 
bezet zijn. Beide meetmethoden zijn toegepast om ethyleen en methanol te onderzoeken. 
In ethyleen heeft dit geresulteerd in 27 overgangen die elk met hoge resolutie zijn bepaald. 
Dat deze technieken, op methanol toegepast, tot op heden minder resultaat hebben gehad is 
te wijten aan de beperkte kennis van dit molecuul, de zwakkere overgangswaarschijnlijkheid 
en een technische tegenvaller. 
De toestand van een molecuul na de eerste excitatie kan in werkelijkheid niet lang 
bestaan. Met name botsingen met omringende moleculen maken dat het molecuul relaxeert 
naar andere toestanden; deze kunnen opnieuw worden onderzocht. In Hoofdstuk 5 wordt 
terug gekomen op eerdere metingen aan botsingen in een moleculaire jet van ethyleen. Met 
de spectroscopische kennis vergaard in Hoofdstukken 3 en 4 is het mogelijk geworden om 
een aantal eerder niet geïdentificeerde overgangen toe te kennen. Hierbij is geconstateerd 
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dat er preferentiële relaxatie paden gevolgd worden. De snelheid waarmee deze processen 
plaatsvinden zijn nader bekeken. 
In het laatste Hoofstuk 6 wordt een nieuw soort van subtiele coherente processen (RAP 
processen) besproken die optreden bij interactie van laser licht met moleculen. Deze tech-
niek, bijvoorbeeld leidende tot populatie inversie, kan worden bereikt op verschillende 
manieren. Excitatie van moleculen door een 'tjilp' op de overgangsfrequentie (door ze 
experimenteel door een gekromd laser golffront te laten lopen) is één efficiente methode. 
Berekeningen laten zien dat bij hogere vermogens er in het focus tijdelijk (orde van de in-
teractietijd zelf) een met fotonen aangeklede eigentoestand ontstaat die echter door een fase 
sprong in het laser veld over gaat in Rabi oscillaties. De tweede methode, voor drie niveau 
systemen, zorgt ervoor dat alle moleculen kunnen worden geexciteerd door eerst de probe-
laser puls aan te bieden (die werkt tussen het middelste en het hoogste niveau) en daarna pas 
de pomp laser puls (die werkt tussen het laagste en het middelste niveau). In deze methode 
zijn de laser frequenties vast genomen. Het resultaat van de zgn. anti-intuïtive volgorde van 
laser foei is dat de populatie vanuit de laagste toestand volledig kan worden overgebracht 
naar de hoogste toestand zonder het tussenliggende niveau te bevolken. Met name dit laat-
ste argument biedt de mogelijkheid om snelle relaxatie processen die de middelste toestand 
betreffen te omzeilen. Experimenteel dient men echter rekening te houden met het RAP 
effect door de gekromde golffronten. De combinatie van beide RAP processen, zo blijkt uit 
onze berekeningen, gaat het RAP proces met twee laser pulsen negatief beïnvloeden. 
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